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ABSTRACT {1

This volume describes the AIRS (Airborne Integrated Reconnaissance Sys-
tem) Performance Model, an analytic-simulation tool for specifying and evaluating
future airborne tactical reconnaissance systems. The model is also used for studying
multiple sensor systems and their interactions in the context of an integrated recon- |
naissance system. Performance is analyzed by computing for each sensor the detect-

! ability, identifiability, and localizability (CEP) of each target in a scenario, including
¢ the effects of interactions with other sensors.

Incorporated in the model are provisions for defining scenarios and missions.
Variable parameters are used to specify the characteristics of targets, backgrounds,

terrain, weather, equipment, reliability, and data integration and transmission. The

model then integrates the performance of all sensors to give total system performance

as a function of time-late, and evaluates the marginal contribution of each sensor.
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SECTION 1.
INTRODUC TION

Analytics, Inc., under NAVAIRDEVCEN contract number N62269-68-C-0441

was requested to develop, in conjunction with Kettelle Associates, a simulation model

’

for studying the performance of future tactical airborne reconnaissance systems. The
immediate need for the model was in support of the Airborne Int egrated Reconnais-~
sance System (AIRS) Concept Formulation Study, called the AIRS Performance Simu-
lation Model (in this report it is called the AIRS model). The model is, however,
sufficiently general and adoptable that it may be used to study the performance of

nearly any proposed tactical airborne reconnaissance system (TARS).

The AIRS mod-l was developed because existing models did not appear
capable of readily providing the types of answers required from both the AIRS and
anticipated future TARS studies. These studies required a model which could meas -
ure quantitatively the ability of a range of surveillance candidate systems to see,
localize, and report a wide variety of target types over broad ranges of geographical
and weather environments. Further, this model had to be driven by functional rather
than engineering parameters since the study orientation was woward determining the
worth of future surveillance concepts rather than evaluating existing or nearly existing
systems.

Existent models were found to: (1) be bheavily oriented toward campaign
operations (i.e., considerations of mission scheduling, squadron on-board mainte -~
nance, etc.), as in the case of the TRISECT Model developed by North America-
Rockwell; (2) be based largely upon enginecering design parameters rather than func-
tional parameters; and (3) consider only a portion of the wide range of sensor, data
integration, and data handling possibilities defined for ATRS and subsequent future
TARS systems. These models, then, were deemed more than adequate for describing
the capabilitics of conventional surveillance systems which were well specified in an
enginecering sense but were inadequate for study of future reconnaissance concepts as
exemplified by AIRS.

In developing the new AIRS model, required for the reasons outlined above,

a standard modeling technique was followed. The problem, succinetly stated, was to




predict the performance of future TARS. As a necessary first Step, measures of
System pPerformance were developed,

The remainder of Section 1 bresents brief definitions of the reconnaissance
performance measures which the model has been designed to brovide; this js followed
by a brief overview of the AIRS mode] a5 currently configured, At the conelusion of
this Section, a Summary of recommended modificationg and extensions to the AIRS
model is given,

Sections I1 to v Present detailed discussiong of the technical and program-
matic aspects of the AIRS model; Section VI delineates in detail the Suggested recom -

mendations for additional modificationg and extensions to AIRS.

¥ PERFOILMANCMIEASU‘R ES UTILIZED BY TUE Arps MODET,

The four pPrimary measures of performance for a tactical airhorne re-
Connaissance system are defined as.

(1) Target detcctnbility
(2)  Target identifia bility
(3) Localixability of the target

(4)  Time-late statistics (defined as the time that clapses hetween
the collection and Processing of data),

In contrast with conventiongl models, thege Parameters are compuied fop
each of fouy data processing levels, namely .
(1)  Real-time and near-real -time processing of reconnaissance
data on board the aireraft,

(2) Keying (i, e., flagging) of data which contains relevant larget
information and transmission of this keyed data to the givunq
Support station for early intm‘prmzuiun.

(3) Keying of relevant data but no transmission of thig data to
ground support station,

4) Conventional level of Processing (i.e., no keying of relevant
data and no transmission to ground Support station.)

The parameters of (I(?l(-('t:l.')ilit.\', iti«,'miﬁ:lhilit_\', and Iu(‘:xliz:lhilit‘v are com-
puted first fop cach target and cach sensor being considered; the performances of cach
of the sensors Vis-a-vis g given target are then agrregated to give the performance of

J1e overall system against that target,




Targets are then grouped by types (e. g., transmitting enemy radar, moving

vehicles) and integrated data prepared on the detectability, identifiability, and localiza-
bility for each sensor and for the overall reconnaissance system relative to each of the
target groups. 3

To aid in answering such questions as how important the contribution of a
given sensor is to the overall system effcetiveness, an analysis of the "marginal

effectiveness" of each sensor is performed. This allows the user to gain an under-

standing of the relative importance of each sensor, and is superior to presenting the

user only with statistics on the absolute performance.

1.2 OVERVIEW OF THE AIRS MODEL
The AIRS Simulation model consists of four separate models:
SCENARIO
EXECUTIVE (EXEC)
EVALUATION (EVAL)
PHOTO-INTERPRETER AND QUEUEING (PI-Q)

M

The interactions among these four models arc shown in Figure 1-1. The

iy

following discussion will present, in very broad terms, what each of the four models
accomplishes. A more detailed discussion of each model is deferred until later
sections: Scction IT discusses the Scenario model, Section III discusses the Executive
model, Section IV discusses the Evaluation model, and Section V discusses the Photo-

Interpreter and Queueing model,

The Scenario model utilizes user-provided data to form a coneeptual map,

or scenario, of the geographical area over which the recomnaissance mission will be

flown, including substantial terrain and weather data,  This map includes the locations
of all targets, as well as the altitude and start and end points of cach pass of the
multi-pass reconnaissance mission,  For cach target, the user specifies the type and
physical characteristics (c.g., an airfield that covers 1000 square meters of ground)
as well as indicates the type of environment in which the target is located (i.e., the
background surrounding the target has certain relevant characteristics such as
temperature, photo-reflectivity, ete.). Whenever a target enters the field of view of '

a given sensor, Scenario generates data on (1) the sighting data itself (¢.g., the slant ‘

" »
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range to the target), (2) the probabilities that the target is not masked by terrain and

not hidden by clouds, and (3) the probability that the sensor is operational. The first ‘
of these is straightforward, the second is computed using inputs such as rms of the

terrain, prevailing visibility and precipitation rates, ete. The third is computed using

data on the sensor MTBF. Note that detectability, per se, is not computed within

Scenario.

The user must provide the Executive model with relevant performance data

for each sensor; for example, the user must specify the thermal resolution of the IR

sensor, With this information, and the sighting information computed by Scenario,

the EXEC model computes the probability that a given target is detectable by a given
sensor, Based on the assumption that the target is detectable, the probability that

the target is identifiable is computed. One other statistic is computed for cach target -
sensor pair; namely, the localizability (CEP) of the target vis-a-vis the sensor.
Finally, the EXEC model integrates the individual sensor performance and computes,
for each target, how well the reconnaissance system as a whole performed using the

criteria of detectability, identifiability, and localizability .

The EVAL model uses the output of EXEC and computes how well each AIRS
recomnaissance system alternative performs against (1) particular target types, (e.g., \
radars), (2) various groupings of the target types (c.g., emitting cnemy radars),
and (3) preplanned versus non-preplanned targets, In addition, EVAL computes the

marginal contribution to system performance of each sensor on the aircraft.

The PI-Q model serves a two-fold purpose:

(1) It accepts statistics supplied by the Scenario and EXEC models
and uses them to esfimate the capabilitics of the system in
selecting, for carly photo-interpretation, those photographic
frames which are relatively rich in target content.

(2) Estimates the length and waiting times of the qucues that
develop prior to data communication.

These two factors are then used to compute time-late statistics.

In summary, the user establishes, via input, a geography of interest. For
specified missions, the model computes the performance of the AIRS configuration
being studied, as well as the performance of cach scusor in the system, against each

target and cach target type.




1.3 RECOMMENDATIONS

S MV ENDATIONS

Section VI presents recommendations for improving the AIRS model. These
recommendations are:

(1)  Incorporation of a visual sensor,
(2)  Provision for automatic topographical mapping,

(3)  Modification to allow for the automatic detection of targets by
the system.
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SECTION 1I.
THE SCENARIO PROGRAM i1

T o A

The development of the Scenario Model is the result of the joint efforts of

U R

P

Analytics, Inc. and Kettelle Associates, Inc. Kettelle's contributions have been ;
1
presented in their final report,(z) and the contributions of Analytics are discussed ’

in this Section. by

E An overview of the Model is presented first, followed by a summary of the
: methodology. The discussions in these two areas draw heavily upon the Kettelle
Report. @) Paragraphs 2.3, 2.4, and 2.5 discuss the three areas of Analytics' con- ,

tribution. Briefly, these areas are:

1) Development of a model for a Forward Looking Infrared
Sensor (Paragraph 2. 3).

, (2) Development of a model which simulates terrain (Paragraph
3 2.4).

1 3) Implementation of an event time-line capability (Paragiraph 1
4 e
| 2.95).

Paragraphs 2.6 and 2.7 discuss the detailed inputs and outputs of the Scenario Model,
and because of the changes made necessary by the work of Analytics, this information

; supersedes the information presented in Sections 1B and IC of the cited Kettelle Reporit.

Sl OVERVIEW OF SCENARIO H

The objective of the Scenario Program is to describe, for each sensor on

i board the aircraft, the time interval during which cach target is in the sencor's field

of view (without regard to terrain masking). Whenever a given target is within the

field of view of a sensor, the Scenario Model computes the following output data, or

a subset of them:

(1) Time(s) that target is in field of view of the sensor (time of
detection).

(2)  Ground range from the aircraft to the target.




(6]
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The output, or subset of quantities computed, depends upon which sensor is being
considered. For example, it would be meaningless to compute the projection of a

target velocity onto line of sight of a sensor that has no moving target detection capa-

bility.

Bcfore these basic outputs can be computed, the following inputs to the

Scenario Model are required:

1
)
(&)
(4)
®)
(6)
(0
®)
®

Ground range from the target to the flight line, measured
perpendicularly.

Slant range from the target to the aircraft.
Slant range of haze traversed.

Slant range of rain traversed.

Slant range of clouds traversed.

Camera frame numbers.

Projection of target velocity onto line of sight.

Probability that the target is unobscured by terrain,

Aircraft coordinates at the start of cach leg of each pass.

Wind velocity.

Coordinates of each target (latitude, longitude, and elevation),
Velocity of each target.

Sensor parameters. g
Altitude of haze. \
Altitude and cloud density.

Rain factor (the fragrti()n of the terrain covered by rain).

Wavelength, rms, and coherence angle of the terrain,

The above inputs are self-explanatory, with the exception of (5) and (9).

The coherence angle of terrain is defined and discussed in Paragraph 2.4, Sensor

parameters and other inputs are defined in Paragraph 2, 6.

o
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2.2 METHODOLOGY

A flow chart of the overall Scenario Model and the functional sequence is
shown in Figure 2-1. Each box of the program is numbered for convenience of the
reader. In box (1), the main (or control) program, called ""Scenario", reads the
input data. The outermost loop, going from box (16) through (17) to box (3), repre-
sents the passes flown by the aircraft on the mission being studied. Then, moving
in the next loop, box (15), (18), (5), for each target in order, the main program se-
quentially calls in subroutines to compute required outputs for each sensor (box 10).
(These subroutines are discussed in detail in Paragraph 2.3.) As represented by
box (11), for each sensor/target combination within a given leg and pass, the main pro-
gram then calls a subroutine which computes the probability of that target not being
obscured from the sensor being considered by mountains or other terrain considera-
tions. When all legs of a pass have been completed for a given sensor and target
(box 13), the control program calls the next sensor for the same target. When ail
sensors have been interrogated (box 14), the control program then considers the
next target, again using all sensors. When all targets have been covered (hox 15),
the control program proceeds to the next pass. This procedure is continued for
all passes in the mission. The job of formulating and writing the outputs on tape is

performed in the Scenario program.

2.3 SENSOR MODELS

The Scenario Model considers the following 10 basic types of sensors:

(1) Dummy Sensor.

(2) Infrared Sensor.

(3)  Side Looking Rada 1

“4) Side Looking Radar with capability of detecting moving targets.

(5) Forward Looking Radar with capability of detecting moving
targets.

6) ECM.
{7) Forward Looking Frame Cameras.

(8)  Side Obligue Frame Cameras,

2-3
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Figure 2-1. JFlowchart of Scenario




(9) Oblique Pan Cameras.

(10)  Forward Looking Infrared Sensor. '

2.3.1 Work Done by Kettelle Associates

The Kettelle report(z) contains detailed discussions of the first nine types of
sensors. Since Analytics' effort has not affected the operation of these sensors, the

Kettelle material will not be repeated in this report. ;

2.3.2 Forward Locking Infrared Sensor (FFLIR)

The FLIR sensor serves a dual purpose. First, in its elementary mode
of operation, the sensor is positioned to point forward and downward to scan the
ground directly in front of the aircraft. In this mode, a detection is possible whenever

a target moves into the field of view of the sensor.

The second and more complex mode of operation for which FLIR was es-
pecially designed is to point the sensor toward the target after the FLIR was supplied
with the coordinates of targets within its range. Target coordinates may be supplied

in one of two ways:

1) Targets may be pre-planned: that is, having been given the
ccordinates at the start of the mission, the system directs
the FLIR at the appropriate time.

(2) Alternatively, the other two sensors which can detect targets
in front of the aircraft, forward looking radar and E CM upon
picking up a target, supply data from which coordinates are
computed and supplied to FLIR.

The latter of these, called "slewing capability", is expected to markedly improve

target detection.

In order to model this dual capability, two sensors are conceptually de- !
veloped within the program; the only difference between them is in the field of view.
The first has a field of view which encompasses the total area over which the FLIR
may be pointed, and the second has a field of view which is that area seen by the

FLIR scnsor when it is in its rest position.




Whenever the main Scenario program calls upon the FLIR subroutine, the
two conceptual sensors are processed sequentially, Outputs are collected for each:

the Executive model will later decide which of the outputs to use.

In the following discussion, the term FLIRE (for FLIR Expanded) refers
to the pointable model. Similarly, the non-pointable model is called FLIRS (for
FLIR Stationary).

2.3.2.1 FLIRE-Directed Mode Analysis. The domain of FLIRE is nearly the whole

forward and downward quarter of the sphere. The peripheral pointability will probably
not be 90 degrees from center, nor will the maximum depression angle be 90 degrees
(because, among other reasons, of the physical limitations imposed by mounting on
the aircraft).

Apparently, the domain of FLIRE must comprise the horizon as an orienta-
tion aid. However, in the model, this cannot be implemented because the number of
targets falling within the range of the FLIRE would be too large — an unmanageable

number of records would be generated.

This consideration dictates limitation of the forward view by instituting a

minimum depression angle. The model is nonetheless a realistic approximation be-

cause resolution beyond a certain slant range is too poor to be considered, i.e.,
would only yield useless data. Accordingly, the ground coverage of the FLIRE has A‘{

the plane characteristics shown in Figure 2-2. R

For conceptual case, the aircraft remains still and the target moves. Let
(Xo, Yy be the coordinates of the target at the start of the leg (in the aircraft co-

ordinate system). Then the equation of the target path is

Y= YO+ (XO -X)tan 6 2.1) i

where 8 is defined as the difference between the heading angle, «, and the course

angle, 7.
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Then:

R, = h/tan e

R2 = h/tan Omin

The equation of the circle of which arc AB is a part (in A/C coordinates):

Line DB has equation

X= ta.n(-g--ﬁ)y

Line CA has equation

X = ~tan (l~ﬁ>Y

2
And:
= = i m =
Xe Xg R2 sin (T/2 -B)
=Y, = Yp =R, cos (7/2 -f)
XC = XD = 1{1 sin (7/2 -B)

=Yo = Y= R, cos (/2 -f)

(2.2a)

(2.2b)

(2.3a)

(2.3b)

(2.4)

—_
B
-3
~
i

e

(2.8) -

2.9)

Next, it is assumed that the target will enter the region described by ABCD; it must »

" i,
enter from the front, i.e., it must cross arc AB. This is not an unreasonable assump- !

tion, For example, the maximum drift angle will be about 10 degrees. * In all cases

the FLIRE will be pointable more than 10 degreces off center,

*An aircraft traveling mach 1 (=1000 ft, /sec.) which encounters 2 wind of 200 fL. /sec.
(about 150 miles/hr.) perpendicular to its heading has a drift angle of only about 11

degrees — arctan (200/1000),

2-8
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The next step is to solve simultaneously the target path equation and the

equation of the outer circle. Let the solutions be (Xl, Yq) and (X2, Yz)*, and the

convention adopted is X1 >X,.

2

The following algorithm is used to test whether or not the target enters

ABDC:

Step 1:

Step 2:

target path

to

N

C D

? ———

Case 1

Step 3:

Step 4:

Is X1 >07? If NO, no detection is possible, if YES,

?
Is YASYISYB. (2.10)
If NO, no detection is possible.

If YES, the target enters the arca of observation.

If the target enters the area of observation, one of three cases can occur:

target path target path
/ (Xl"yl) \ (Xi,\'l’
(X 49 Y
C D C D 4
Case II Case 111

The intersection of the target path line is then formed with:

(1) The line passing through points A and C = the intersection is
called (’X3, Y3);*

(2)  The line passing through poinis I and D -- the intersection is
called (X4, Y4).*

*The computation is presented in Appendix A.
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Then if:

X3 >0 2.11)
and

YA < Y3 < Yc (2-.12)
Casce I is observed
K-

X4 >0 (2. 13)
and

YDSY4 S_YB (2. 14)
Case III is observed.

And finally, if neither Case I nor Case 1l is observed, Case II must oceur.

If Case Il exists, solve equation (2.2b) and the target path equation simultancously.

Let the solutions be (X_, Y.)* and (X., Y.)*: let X. >X
B 9 [§) 5]

\ *
6’ h

The path can be defined more explicitly. For all three cases, the time,

Tl’ to reach the region ABDC is:

. R TS o g
Tl“ﬁj(xo X7+ (\0 Yl) /\ 2. 15)
where V is the ground velocity of the airc-aft.

The time, T, in the field is:

(2.164a)

Casel: T = <

* See Appendix A for computation,

IPVTRESEN AW4J

o
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display time for a single picture is considered to be D,

L

2 9 1/2
[(X1 -X)" + (Y1 -Y,) ] (2-16b)
5 5
CaseIl: T =
\%
2 2 71/2
[(X -X) +((Y,-Y,) (2-16¢)
Sl 1} :! 1 4
Case IIl: T = v -

Having treated the family of FLIR variables, which are functicns of posi-
tion, as a parametef, it is now nccessary to consider time as a parameter common
to another family of variables. Human factors analysts working with the project have
advised that it is preferable to have the FLIR output displayed as a series of fixed

snapshots rather than as a continuously unrolling panorama. Therefore, the optimum
RG)A
One record will be generated for each such snapshot, and for each snapshot
the following is required:
(1) Ground range to target in NM.
(2) Slant range to target in NM.
3) Siant range of haze traversed in NM,
4) Slant range through rain in NM.
(5) Depression angle to target in radians.
(6) Azimuth angle to target in radians.
Another assumption is that only two "looks" (i.e., snapshots) are taken ot

any given target. More specifically, the snapshots will be arbitrarily taken at

- - - B ey TF " v 11 ‘ ‘ e y{arege
TEXIT 1 and TEXI’I‘ (D'I‘O + 1), where I is the time at which the target

exits from view,

EXIT

There are two reasons for this assumption:

(1) It will solve the target priority problem.

(2) It will keep the number of snapshots of each target to a
minageable number, namely (wo.

2-11




A priority problem arises because, within the simulation, each target is
treated separately. Thus, target Q may be in range froni time 1000 to time 2000.
However, target R, in which there may be more interest, might be in view from time
1050 to 2050. Obviously, both targets cannot be traced for the complete time they
are within range and viewing capability of the FLIRE. By limiting the number of looks

to two, both targets can reasonably be seen.

After K seconds the aircraft has moved a distance of KV; therefore, after

K seconds the new coordinates of the target are:

- X 7
XK = ‘\0 KV cos § 2.17)

- -~ 2 i 6 2l
YK Yo + KV sin 2.18)

For the first look:

K:’l+11—1—1)TO (2.19a)
where

T = time in view (sce equations (2. 16a-c)

T, = time to reach region of view (see cquation (2.15)).

1
lLikewise, for the final look:

K=T+ 'I‘l -1 (2. 19b)

The time of the first look (TIFL) is:

e P, 4 e L L i 2. 90
TFL =T 4 J"1 1 D‘I'O I() (2.20a)
Similarly, the time for the sccond look (TSL) is:

TSL =T+ T, =1 & 7. (2.20b)

where ’I‘() is the time at the start of the leg.
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Ground Range

Ground range (GR) is:

[, B e 2]1/2
G < (Xg) + (Yg)

2.21)
Slant Range
The slant range (Rg) is:
5 1/2
RS = [GR + (h - HT) ] 3 2.22)

where h is the aircraft height above MGI,, and IIT is the target height above MGL.

Slant Range through Haze

The slant range through haze (Rpy) is:

If
h >
g Ry (H,, ~ Ho) b
H™ " h-i s 23}
If
h <l
Ry = Rg

where H" is haze height and }1T is the height of the target.

!




Slant Range through Rain

|
The portion of slant range in rain (RR) is assumed to be the product of a ,
constant times the slant range in haze :
4
£ i |
RR = (C) RH (2.24)
1
where C is the appropriate constant. E
Depression Angle
|4
The depression angle (f) is computed directly from the diagram shown in §
Figure 2-3.
2. 95
Aircraft ) |
Qe _ {
N '3 :
¥ g ¢ i
1 N |
I '(\
h | % f-arctan h - H, )/GR 4
[ " 1 ‘
| e
| ~
|

fos

< o Target H
. M\/ﬂ/\

f—oGrR

Figure 2-3. Depression Angle Computation

Azimuth Angle

The azimuth angle to the target,

W, can be found by using the diagram il-
lustrated in Figure 2-4.

K
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Flight Path 3
/ 7
-~

\
b

i
E
E
(XK' YK)
Target l‘<
(Target Altitude - ”T'
]
|
|

Figure 2-4. Azimuth Angle Computation

2.3.2.2 FLIRS — Unpointed Mode Analysis. In an unpointed mode, the axis of the

FLIRS sensor has a depression angle 0, relative to the horizontal axis. In addition,

the field of view is given by two angles, ¢ and p, shown in Iigure 2-5.
The equations for AB, AC, BD, and DC (see I'igure 2-5) are given as follows:

Equations for AD and CD (X is a constant in both cases ):

Equation for AD X = XI\IAX h/tan (0-0) (2.27a)
St X X ¥ < v B
Equation for CD \MII\ h/tan (6+6) (2.27b)

The equation for AC is given by:

=Ny B

= | (X~ = Xx)+ X (2.28a)
- A A
To = ¥4l " )

X

2=15
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PO i3k 1 POREIER Lic h b 1
YC—X’A e A_ A Y’C-YA (2.28) 19

Likewise, BD is given by the equation:

[Y - YR i
Xr?o_'—?I;J [xO—XB] + Xp (2. 29a) .

- "'

X -X X ~X '
x4 2 Ely-x -y L8 @. 29b)

Y -Y SR

| o B o B

' It can be seen that the maximum drift is about 10 degrees*. Therefore, it
is assumed that targets enter the ficld of view only if they enter across the leading

edge, i.e., only if they cross the line segment AB.

Three cases are presented:

O{ ,Y . (Xl' Yl)
1 1) A% 1) " \ A
v of
/ (X.';v \-3)
C D ’
Case 1 Case 11 Case 111

The equation of the target path is given by:
=Y { - X)tan & o
p e P ()\o X) tan ' (2.30)
where § is the difference between heading angle and course angle. - 3

Let:

v Intersection of target path and line passing through A
X Y1) and B x

Intersection of target path and line passing through A

Xyy Y
s and C

9)

*An airceraft traveling at mach 1 (speed of sound = 1000 ft/sec) with a side wind of 150
miles/hr., perpendicular to heading drifts only about 1 degree.
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(X3, Y3) Intersection of target path and line passing through B and D

x,, Y4) Intersection of target path and line passing through points
C and D

The following algorithm (Figure 2-6) illustrates how to determine which 3

is the correct case. (The equations yielding these coordinates are solved in Appendix b g
B.) : \

Does target path intersect
AB in such a way that No
X A < X1 < XB?

Yes

‘ 3

il No observation

Does target path intersect 3 We have
CD in such a way that Yes 3 Case #
» < r 9
XC < }\4 < );D.
No

l

§
Does target path intersect :
AC in such a way that Yes o] Case I 3
X A < X2 < XC s

No L Case III

Figure 2-6. Algorithm for Determining How a Target Passes
Through I'ield of View,
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Let (Xl, Yl) be the coordinates of the intersection on line AB; (XE, Y
will be the coordinates of the exit point. The target is in view for
[ 2 ", 2] V2
,(}‘1 - )sE) + (Y1 - \E) ] (2.31)

‘7

seconds.

For reasons similar to those for FLIRE, it is assumed that FLIRS is

given only one look at the target, namely, time TEXIT_]'

Exit time is

Texi - [(‘Xo -xp* ('Yo 4" ) I/Z/V] e 2.32)
where T0 is the time of the start of the leg.
The coordinates of the look are given by
y= Vsin (-8) + Y, (2.33)
x=Vcos(6)+XE (2. 34)

The relevant ranges and slant distances are computed in the same manner as in
FLIRE (Paragraph 2.3.2. 1),
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2.4 TERRAIN SHADOWING MODEL

2.4.1 Introduction

One of the most significant degrading factors in low altitude reconnaissance
is terrain shadowing: that is, the reduction in the quality of reconniassance due to an
obstructed line of sight between the vehicle and a nearby target. Although not a factor
affecting reconnaissance system design, the effect of terrain shadowing is to degrade
the capabilities of even the best sensor systems (for a given scenario and mission),
thereby tending to equalize system designs. For these reasons a terrain shadowing

model has been incorporated in the AIRS simulation.

Experience with terrain shadowing involving the use of actual topographical
data and geometrical algorithms to compute actual lines of sight has shown that this

approach has two major disadvantages for the present problem:

(1) Typically 100 data points are required per square nautical
mile of scenario (this is about 2 x 106 per mission for the
scenario of interest) to [airly represent terrain.* Determinis-
tic terrain data tapes are available from the Army Map Scrv-
ice for this purpose. The computations required, and the
input/output demanded by the large volume of data, make it
expensive in computer time to utilize the detailed terrain
shadowing geometry in the AIRS model.

(2) Because the results of a geometrical terrain shadowing cal-
culation are binary (the target is or is not obscurred), and
because a trivial change in aircraflt position down or across
the flight path, at the altitudes of interest, is likelv to com=-
pletely change these results, a substantial number of Monte-
Carlo calculations would have to be made for cach target,
frame, sensor, and pass in order to smooth out the irrelevant
effects of detailed airerafi position and effect sensor timing
relative to clock time, This would increase the terrain caleu-
lations beyond all reason.,

Since the purpose of the AIRS simulation is to analyze alternative sensor
systems, not operational missions, the wealth of results obtainable from a detailed

terrain shadowing model are also not necessary.

“For example, the U.S. Army digitized terrain maps have a grid of 300 feet or ap-
proximately 400 data points per square nautical mile,

2=-20




Consequently, a statistical terrain shadowing model was developed which,
when suitably adjusted via three basic parameters to represent a given sample of
terrain, produces estimates of the probability of terrain shadowing and its serial

correlation (for multiple-look sensors).

The Terrair Shadowing Model operates in an off-line or pre-processing
mode to the Scenario Model. Using the model, Monte-Carlo simulation was per-
formed to develop a set of terrain-shadowing probability distributions, expressed
as segmented polynomial curve fits to the Monte-Carlo data. These curves were
then inserted as a simple subroutine into the Scenario Model. This procedurc en-
abled the direct rapid computation of terrain shadowing probability at each step in

the basic simulation without rccourse to a cumbersome Monte-Carlo process.

The following paragraphs describe the development of a general method
for terrain representation, a discussion of same special problems related to scaling,

and the model implementation and utilization.
2.4.2 The Problem

A recomnaissance aireraft flics over a region in a series of regularly-
spaced, parallel, straight-line passes in a horizontal plane. A narrow aperture
surveillance device scans the region (or, alternatively, a wide aperture device suc-
cessively photographs portions of the region) ahead of or to the side of the aircraft.

If the terrain is not flat, low spots will be masked from observation. This para-

graph is concerned with the problem of including these terrain-masking effects in

|

a simulation. Looking forward, the desired output of the model is the probability

that the target is not shadowed by terrain. The following paragraph discusses the

method by which this is accomplished.

2.4.3 Basic Method i

The problem of mathematically representing the terrain lies at the heart |
of the model. In contrast to some prior terrain shadowing models, it has been de- - \
cided to use a random function to represent the terrain, and then to scale the se-

lected function according to the measured statistics of the terrain actually employed
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in the scenario. Occam's Razor* is the most useful tool for defining this terrain

model.

What data arc reasonably available to characterize the terrain? Three have
been selected:

(1)  The rms deviation of terrain height from its mean.

(2)  The expected value of distance between hills; this is defined,
through symmetry, as the expected value of distance between
positive-going zero crossing of the terrain relative to its
mean level. This corresponds to the wave length of the
terrain,

(3) A terrain coherence factor representing the existence and
direction of rolling terrain (e.g., the Alleghenies, as opposed
to broken terrain, such as the interior of Puerto Rico), there-
by characterizing the conditional probability that a target, if
seen, will still be seen at a later point in the aireraft flight.
This coherence factor is defined as an azimuth angle measured
from the target, representing the change in "angle on bow' of
the target required for two successive sightings to be statis-
tically independent. Thus, if this factor w re set at 45 de-
grees the aircraft would have to move through 45 degrees of
azimuth relative to the target in order to obtain two statistic-
ally independent opportunities for sighting,

The first two of these data are used as the independent varizbles of the
terrain representation (the third will be introduced later). Given the rms and the
wavelength of the terrain, four additional mathematical constraints must be imposed

on the random function chosen to represent the terrain:

(1) The amplitude distribution of the random function should be
Gaussian.

(2) The expected distance between zero crossings of the random
function must be non-zero (this is not the case vith a simple
random number sequence),

3) The expected value of the slope of the terrain must be finite.,

*Occam’'s Razor, a principle attributed (o the English philosopher William of
Ockham (14th Century), states that when a decision must be made between two
apparently equivalent alternatives, the simpler alternative is alwavs the more
correct,




“) The expected distance hetween reversals in the slope of the
terrain must be non-zero.

Because of the resulting easc of computation one must consider the follow-
ing process for tcrruin generation: take a random function (e.g., a random white
noise where the time parameter, T, is interpreted as distance from the aircraft)
and pass this function through an appropriate filter such that its output meets the

constraints and exhibits the independent variables desired.

The simplest filter of this type is a linear filter (see Figure 2-7) having
the transform;

L [Z(x)] = F(S) (2.35)

K
CETDL
The factor K is an amplitude scaling constant proportional to the rms terrain devia-
tion, and the constant w is inversely proportional to the expected distance between
hilltops. That this filter must be third order can be shown relatively simply: if
there is no filter, constraints 2, 3, and 4 are not satisfied although constraint 1
may be satisfied by using a Gaussian driving funciion. First-crder filter yields a
function satisfying constraint number 3. A second-order filter will cause constraint
number 2 to be satisfied, and a third-order filter is required to conform to constraint

number 4. )

Low Pass Filter; Third Order

Whito Interpret

G ey e
e s & b e e BT
<

- f (x)
Generafor (

Figure 2-7. 7Terrain Generator Schematic

2.4.4 Terrain Analysis

Having decided on a terrain model, one could simply generate terrain within
the simulation and compute explicitly the shadowing at any given time, This would,
however, vitiate the entire approach, the purpose of which was to avoid irrelevancies

in the calculations,
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to the function S(k), as defined previously in equation (2.35). The samples z(x)

are then analyzed as follows:

For each sample, an arbitrary point 0, shown in the following diagram, on

the ground surface is selected to be the origin. The visual horizon in the direction
of increasing x is therefore the lowest ray from 0 in that direction that does not go
below z(x); its angle above the horizon is u'. Similarly, v'is the angle above the

horizontal of the visual horizon in the direction cf decreasing x. For simplicity let

u = tan u'

v = tan v/

With respect to a target at 0, which was a randomly selected point, the

pair (u, v) contains all the pertinent information about the sample z(x).

At this point a major simplification is introduced, namely to equate u and v.

This is possible if the following conditions are met:

(1) The terrain generating function is statistically symmetrical
with respect to reflection about the axis.

. (2) The local terrain slope about the target is not determined as
an independent input; i.e., its expected value is zero. This is
consistent with the reasonable assumption that most targets
are on relatively flat ground.

(3) The correlation of terrain shadowing, for a given target, with
respect to two observations on different sides of the target
(e.g., different reconnaissance legs) is ignored.




e 0‘“..._;.,.:*‘..:!~M' - - 3 e i = =

These assumptions are equivalent to asserting that the entire problem is
symmetrical in the left-right sense, the fact that a target may be on a slope and
therefore more visible from the east than the west is not utilized, and that the cor-
responding gain resulting from viewing that target from both the east and the west

is not fully accounted for.

However, the target elevation (Z,) relative to the terrain is a significant
independent variable.

In other words, the two coefficients of the distribution which characterize
the terrain are o and X, the rms hill height and mean distance between positive-
going zero crossings, respectively. The two independent variables of the distribu-
tion are u, the target sighting angle, and ZO, the target elevation. Thus the desired

terrain shadowing probability to be determined is
F (0, X, Zo’ u)

The problem can be further simplified. By observing that the parameters

can be scaled, let

Z* = o
o
b (2.38)
u* = u é.
g

This amounts to distorting the x and z axes to normalize ¢ and X. Thus, the function

to be determined is now:

F (Z*, u*) = Prob |Given z*, that the viewing angle-tangent is (2.39)
’ < < &
greater than u¥

It must be pointed out that scaling, as donec here, assumes that the terrain can indeed

be scaled; this may not be the case, because of a problem called the "pebble problem™.

The discussion so far has been concerned with the vigibility from the air-
craft of a point~target. The point of interest is the visibility not of a point, but of

targets with finite dimensions. The purpose in replacing the targets by points was to
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eliminate the target-size parameter from the masking effects. As has iust been
seen, the fewer the parameters that may vary, the fewer the computations and the
simpler the presentation of the masking-effects model. However, the simplification
can lead to problems.

A target small in size compared to its range irom the reconnaissance air-
craft may, for most purposes, be treated as a point, but in one important respect it
may not. A point of no dimension can be concealed behind a pebble-sized obstruction
close to it; an actual target cannot. If the parameter-reducing advantage of the point
target assumption is to be gained, the "pebble problem' must be solved: small terrain
elevations very close to the target-point must be disregarded in measuring m, u, and
V.

The pragmatic solution to this problem comes about in the way that the
function ¥ (z#, u*) was actually calculated. The numerical calculation employed ef-
fectively quantized the terrain in units of (X/10). Thus, any "pebbles" closer to the

target than this quantization were ignored.

After considerable analysis it was determined that I (z*, uv) could not be
explicitly solved, at least by the present authors, The quantity F (0, u*) could be
approximately found for u* <<1, as could the relationships between k and o; and be-
tween w and X (equations (2.35) and (2.38), respectively). The development is found
3)

in Rice. However, a Monte-Carlo procedure was still required to compute F,

In doing this, the quantization errors lend to the necessity for normalizing. This

e

was done experimentally within the comiputation.

2.4.5 fodel Utilization

The following three-step procedure was used in actually implementing the

terrain model:

(1) A series of programs were writien to cenerate terrain samples
according to the prescription of the model and on a Monte-Carlo
basis to compute I' (u*, z*) by sampling.
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(2)  The resulting cumulative probability histograms were used as
inputs to a polynomial curve-fitting program. Based on ex-
periments with this technique, a segmented third-order least-
squares fit to the sampled data was selected.

£ The resulting algebraic representations of the cumulative
probability distribution were compared to some actual terrain
data made available through another project, and normalized
by further experimental runs to permit scaling to any given
terrain statistics.

The final model, expressed in terms of the scaling functions and the
cumulative probability distributions obtained by curve-fitting, was implemented as
a subroutine within the Scenario program, directly reporting terrain shadowing
probability for each simulation event without the need for additional Monte-Carlo
computation. Appendix C contains a description of the implementation technique and
resulting algorithm.

2.5 TIME-LINE MODEL

Human factors analysts associated with the AIRS project have indicated a
need for a chronologically-ordered journal of mission events. They have specifically
requested a time-line data scheme of the reconnaissance mission to portray the type
(in terms of sensor response) and time of passage abeam the aircraft of each target,
The purpose of the time-line is to permit statistical estimation of human factors such
as crew slack time.

This capability has been designed into the Scenario Model, A tape contain-
ing target number, target type, and time of passage abeam may be generated at the

option* of the program user,

As previously indicated, the symbolic identification oy numbering of targets
Is arbitrary and may be unrelated (o time, location, or any other mission paramecter,
Specifically, Scenario is organized about a Pass-Target-Sensor-Leg hierarchy (see

Figure 2-1); this data is only coincidentally time-related.

*As discussed in Paragraph 2.7.1, the Scenario user specifies preparation of this tape
by turning on Sense Switch 2 on the CDC computer console.




To obtain a hard copy of the data in time-ordered sequence, the tape pro-

duced by the Scenario Model is passed to a SORT program (CDC library routine).

The time-ordered-data tape generated by SORT is used as an input to a program called

LIST, which, in turn, generates the desired hard copy. Program LIST, and instruc-

tions for setting up program SORT, are given in Appendix G. *

2.6 SCENARIO INPUTS

The following information serves two purposes: to define all ne

cessary input
parameters of the Scenarvio program

» and to provide instructions for preparation of
the input deck itself, Except for changes incorporated to reflect the inclusion of a
fifteenth sensor, FLIR, the following information is duplicated from pages 86-92 of
the Kettelle Report. @)

2.7 SCENARIO OUTPUTS

)
: ’ ; . . = 2)
Much of the information in this Section was taken from the Kettelle Ropm't,(

It was decided to present this Section as a complete entity to avoid having the reader

scan back and forth between this document and the Kettelle Report. As a result there

is redundancy between the two reports.
2.7.1 Introduction

Scenario program outputs are provided on two, or optionally three, magnetic

tapes. Output Tape 1 contains a descriptive record of target sightings by each of the

15 sensors turned on for a given run, and serves as input to the Executive Model.

The second tape, Output Tape 2, contains a frame-by-{rame desceriptive

record of what each of the (up to 8) cameras on-board the aiveraft surveyed. After
sorting

g, this tape serves as input to the Photo-Interpreter Moded,

The optional tape, ** Output Tape, 3, lists target number, target type, and

the time at which the aircraft flew past the target. This tape is sorted by time and

then listed to provide a time-line record of the reconnaissance mission.

——

*This appendix is in Volume 11.

**This tape is produced if Sense Switeh 2 on the CDHC Computer Console is turned on.
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Y Output Tape 1
This tape, written on logical tape unit 11, contains binary records of 73
words each. The first record contains header information as indicated in Table 2-1,
Following the header record is a series of records which describe target sightings.
They are ordered by pass, target, sensor, and time.
'
For each target-pass combination, a record for the Dummy Sensor is always
produced which contains time information. This information is used in evaluating the
f other sensors.
. . . o] . | °
Immediately following the Dummy Sensor record are three records, the for-
mat of which is shown in Table 2-2, for the FLIR Sensor which are generated whether
or not the sensor domain encompasses the target being considered on the current pass,
The first two of these records contain information on target sightings consistent with
the assumption that the sensor was slewed or that the target was preplanned (see
Paragraph 2.3.2.1). The third contains similar information consistent with the as-
sumption that the sensor was not slewed and/or that the target was not preplanned.
TABLE 2-1. RECORD 1 OF OUTPUT TAPE 1
WORDS CONTENT
1-3 Dummy words arbitrarily set to zero.
4-23 An 80-character alphanumeric label which deseribes this
particular run,
24-38 Filteen indices, one for each of the 15 sensors., If the value
of the index is 1, the sensor is included in this run; if the
value is 0, the sensor is not included.
39 The number of pass-target combinations de=eribed on this
tape. Its value is simply the number of passes times the
total number of targets being simulated. ‘
4047 Eight indices, one for cach of the S photographic sensors. |
The value of an index describes the type of photographic
sensor: 0 = pan camera; 1 = side oblique plane camera; 2 !
forward oblique plane camera,
45-73 J Filler to maintain uniform record length,
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TABLE 2-2. TARGET SIGHTING RECORDS
WORD VARIABLE DEFINITION E
|
: 1 ITARG A five digit number. The first two are the pass number |
: “i the last three are for target number. |
|
i 2 ITYPE This two digit index identifies the Sensor. Table I-1
1 lists the sensors and their associated indices. *
$ e e
3 ITIME ' This gives the time of the sighting in tenths of a second, e
as measured from mission start time. 3
4-33 G(1) These words contain geometric parameters describing 3
G(2) target-aircraft relationships, e.g., slant range.
| o (See Table 2-3. J**
| -
{ G(15) ]
» 34-43 R(L) These variables contain probabilitics relating to the !
1 P(2) sighting, e.g., probability equipment is up, probability 3
' ! of cloud cover. (See Table 2-3, )** ;
-- |
P(5) 3
44-53 W(1) These variables contain weather statistics relevant to §4
W(2) the sensor being considered, e.g., visibility through '
v rain., (See Table 2-3, y**
; i
W !
() 4 p
—"' ] i
‘. 54-73 (0 These variables contain pertinent information on the Q
' T(2) target and its surrounding, e.g., target and background |
’ temperatures. (Sce Table 2-3, )*+# ;
. |
| L 1
T(10) ‘,
*Table 1-1 is located in Appendix I, Volume I, a classitied document. b
**The content of these arrays vary depending upon the sensor type being considered, %
¥**7This array varics depending upon the target being considered, .l
|




For most of the other sensors, a single record is produced, if and only if
the target was actually detected. For the ECM and Photo sensors there may be more
than one record generated for a given pass-target-sensor-leg combination. In the case
of the cameras, a separate record is generated for each camera frame during the time
the target is in view. For ECM, a distinct record is created for each separate beam.
Since the number of such records is variable, a flag is used to signal the ¢nd of the set.
The flag is a record made distinet by filling the fourth and fifth words of the record

with a large, floating-point, necgative number,

Table 2-2 shows the form of each of the target records. The G({I), P(),

W(I), and T(I) arrays are defined for each of the sensor types in Tables 2-3a and 2-3b.

After all target records for the run have been generated, a clesing record is
generated which serves not only as an end-of-file, but also contains data. The variable
ITARG (see Table 2-2) is set to 99999 to indicate end-of-file. Variables G (4) to G (11)
contain the final frame counts for each of the eight cameras.

2ead Output Tape 2

Output Tape 2 contains a frame-by-frame descriptive record of what each of
the (up to 8) cameras on board the aircraft surveyed. After sorting, the tape serves as

input to the Photo-Interpreter model.

This tape, written on logical tape unit 12, contains binary coded decimal rec-
ords, each being 135 characters in length, The first record is the header. Table 24

is a description of the data content of this record.

Following the header is a series of photoframe records. Each time a target
appears within a frame of a camera, a separate record is generated; e, g., if target A
appears on frames 100 to 107 of camera B, eight scparate records will be generated.
These records are written on the tape in the order they are produced, i.e., on a pass-

target-photoscensor-leg basis.

As stated in Paragraph 2.2, cach pass of the mission is processed

sequentially. Within cach pass, each target is treated in turn; for ecach target,

each sensor is sequentially considered; for each sensor, all legs in the pass are
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TABLE 2-4. RECORD 1 OF OUTPUT TAPE 2

. B R —

Character Format Description
1-4 4 These records are arbitrarily set
5-12 I8 to zero.
13-18 16
19-98 20A4 An 80 character alphanumeric label

which describes the run,
99-114 812 Eight two-character on-off indices
for the 8 photo sensors: 1 = on;
0 = off.
115-119 IS5 A number, used as a program con-
trol, which is the multiplication of
the number of passes in the mission
by the number of targets considered.
120-135 812 Eight two-character integers indi-

‘ cating the type of each photo-sensor:
0 = pan camera; 1 = side obligque
plane camera; 2 = forward oblique
plane camera.

analyzed. FEach time a target enters the field of view of a sensor, a record containing
information about the sighting is generated. Hence, the targets are not ordered with

respect to time.

Output Tape 2 is sorted by camera, frame, and target, and passed to a pro-
gram called TAPEQNT (see Paragraph 5.5.1) which computes the number of targets
seen on each camera frame., The resulting tape contains records of the form shown in

Table 2-5; these records always appear after the header record.

The last record on the tape is an end-of-file indicator, and contains a value

of 99 for the camera index., It is a control record and does not contain information.

2.7.4 Output Tape 3

Output Tape 3 lists target number, target type, and the time at which the
aircraft flew past the target. This tape is sorted by time and then listed to provide a

ime-=line record of the reconnaissance mission.




TABLE 2-5. SIGHTING RECORDS FOR OUTPUT TAPE 2

Character Format Description

1-14 14 Two-digit index of the camera to
which this record pertains.

5-12 18 The camera frame number being -
considered. :
13-18 16 A five-digit number to identify the

target (the last 3 digits) and the
pass (first 2 digits) to which this
frame pertains.

19-30 F12.6 - The probability that this target is
not masked by terrain.

31-42 F12.6 The probability that this target is
viewed through clouds in this
frame.

43-47 15 The total number of targets seen ]
in this frame (from TAPEQNT ]
program). 1

r

The user has the option of gencrating this tape on logical tape unit 13. The

records are binary coded decimal and are 60 characters long.

Each time a target is passed broadside, a record is generated; the contents
of which are described in Table 2-6. Records are generated on a pass-target-scnsor
basis, and are not coded chronologically. Output Tape 3 is sorted* by time and, with
the aid of a program called LIST, is listed as hard copy outpul. This cutput is then a

time-line of target passage.

* Sorting is accomplished by sorting output tape 3 using the standard CDC library sort
routine, Sectup of this routine is discussed in Appendix G,

2-H3
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TABLE 2-6. RECORD FORMAT OF OUTPUT TAPE 3

Variable Format Description

ITARG 120 A five digit designation of the tar-~
get number (last 3 digits) and the
pass number for the current target.

ITP (ITAR) 120 An integer designating the type of
target being passed.

ITIME 120 An integer designating the time, in
tenths of seconds, from mission
start time at which the target is
passed abeam,
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SECTION III.

THE EXECUTIVE MODEL

e
—

INTRODUCTION

The purpose of the Executive program is to determine with what probability
each target being considered is detected, identified, and localized by (1) each of the
sensors on board the reconnaissance aireraft, and (2) by the overall reconnaissance

system, i.e., by integrating the results of all sensors.
This is done for cach of four processing levels:

Level 1. Real-time and near-real-time processing of data on board
the aircraft.

Level 2, Data keying and transmission to a ground station.
Level 3. Data keying but no transmission to a ground station.
Level 4. No data keying and no transmission to a ground station.

In real-time processing the reconnazissance operator observes on display

terminals a subset of the area being viewed by the seusore. The operator analyvzes

the displayed information for target content, and, when possible, identifies the target.

When important targets are detected he can signal the ground station directly.

The only purpose of the keying function in Level 1 is to mark iinportant
data for later processing. For example, the airborne observer may not wish to sig-
nal the ground station but h» may wish to note suspected significance within a frame.
He would then "push a buiton' to key the frame. In the case of a preplanned target,
the frame is keyed automatically when the picture is taken,  Whether automatically
or manually performed, keying would alert the Photo-interpreter (P operator to

the frames most likely 1o contain target information.

In Level 2, the system automatically selects "data packages" for immediate

transmission to ground. This action has the effect of reducing system time=late for

critical reconnaissance data not able to be evaluated on board the aireraft.
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Level 3 assumes that the data has been keyed but is not transmitted.
Nevertheless, system performance, especially time-late, is impraved because PI

operators examine keved data first, that is, the data that is relatively target rich.

In Level 4 data is collected on board and brought back to the ground for

analysis, as evidenced in current conventional reconnaissance systems (e.g., RA-5(C)

Paragraph 3.2 contains a discussion of how to determine with what proba-
bility each target can be detected, identified, and localized, based on the guantity and
quality of the information provided by a particular sensor, (Scenario determines if a
target is in the field of view of a sensor, but it is not determined by Scenario if the
target is detectable.)

’aragraph 3.3 discusses how data for each sensor is combined into sta-
tistics for the overall performance of the system in relation to each target being
considered.

The Executive computer program is briefly discussed in Paragraph 3.4.
Detailed discussions of the program inputs and outputs form Pa ragraphs 3.5 and 3.6,
respectively.  Collectively, ‘aragraphs 3,4

~guide for the program.

aragraph 3.7 describes how a user can study the effectiveness of one
sensor at a time without exercising the entive model, thus providing an optimization
tool for single sensors,

3.2 MODELS FOR EACH SENSOR

The subsequent paragraphs discuss the technicul aspeets of each sensor

model. A few definitions are given of the performance eriteria for cach sensor,

° Detectability ~
Conditional:

Conditional detectability is the probability that the sensor
sees the target assuming: (i) the sensor equipmoent is op-
erable; (2) the target is not masked by terrain; (1) the target
is not obscured by clouds,

oy

» 3.5, and 3.6 form an abbreviated user's



Total:

Total detectability is the probability that the sensor sees the
target taking into account consideration of terrain, weather,
and equipment up probabilities.

o Identifiability -
Conditional:

Given that the target has been detected conditionally, the
conditional identifiability is the probability that the target
can be identified.

Total:

This is the product of total detectability and conditional identi-
fiability, i.e., the probability of identifying a target considering
terrain, weather, and cquipment-up conditions.

° Localizability -
Conditional :

This is the CEP of the target position given by the sensor in
the absence of cloud cover, terrain masking, and equipment
failure.

Total:

This is the CEP given by the sensor when terrain, weather,
and failure statistics are considered.

S P Overview of Sensor Models

3.2.1.1 Photo-TV Model. A single model is used for Photo, TV, and LLTV, even
though both the results and their analysis levels are different. Basically, the models
assume that the f-stop setting, V/H factors, ete., are appropriate and in range, and
concentrate on image quality degradation. If target-background contrast is reduced
by atmospheric scattering, a check is made as to whether there is enough contrast
remaining for a usable image. n the case of illuminated night photography, the as-
sumption is made that the exposure has been correctly set to produce 2 maximally
dense acceptable negative at the aireraft nadir, and a check is imade to sece if an ac-
ceptable negative density is produced at the target range. Resolution is computed
next and corrected for range, slant angle, and contrast-induced degradation, From
the corrected resclution value, target detection and identification probabilities are
computed, using curve-fits to observational data. The resolution reguired for identi-
fication is assumed to be five titues the resolution required for detection: both are

degraded by cloud undercast.
24 )




Photos are labeled as to whether or not they were keyed by alerting for
segregation of total detection and identification probabilities into analysis levels.
TV and LLTV are only effective at Level 1 (unless recorded), while photos are
potentially effective at Levels 1, 2, 3, and 4.

For the optical sensors, positioning CEP's are considered negligible com-
(=] (=3 g

pared with navigation errors and are therefore ignored,

3.2.1.2 Infrared Sensor Madel (R). The IR model generally follows the same
pattern as the photo model, except that one look, at most, is provided per target,
and the system is sclf-keying. Targets are characterized by cross section and
temperature, normalized to an assumed 18 centigrade degrees background. Using
IR sensitivity equations, a detectability is estimated after the target output relative
to background is attenuated and scattered by distance, atmosphere, and clouds. At
present, the cloud attenuation is a rough estimate, because in-cloud visibility is hard
to predict. Identification is only roughly possible with IR in most cases (except that
targets will be classified as to radiative output) unless a refined spectroscopically
sensitive IR system is proposed. In general, the target size will be sufficiently
smaller than the resolution spot size, making geometrical identification impossible,
Positioning errors, on the other hand, are significant for IR because the target alti-

tude is not known to certainty. Therefore, position error estimates must be made

and incorporated with navigation errors. Alerting via IR assumes a target sufficiently

hot as observed, to Key a gaussian square-law detector, while IR imagery assumes

displays and film recording,

3.2.1.3 Radar Model. The basic radar mode) is applicable to the Side Looking
Radar, the Moving Target Information Side Looking Radar, and the Moving Target

Information Forward Looking Radar.

These radar models follow classical lines, including atmospherie and rain
degradation affects as well as rain clutter where appropriate for the radar band to he
employed. The Moving Target Information (MT1) and positioning channele are con-
sidered seporately, A simple ground clutter model is emploved, with ground clutter

rejection expressed as a single number in db.  MTI data are obscured by MT1 elutter.
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3.2.1.4 ECM Model.
general, several independent looks are available. The ECM pickups are approximated

The ECM model follows a classical pattern except that, in

by N independent rays (N is generally equal to the number of ECM receiver antennas)

rather than a correlated continuum of inputs. The only significantly complex submodel
is the passive ranging model. It assumes approximately an optimal (minimum variance)

estimation of range from passive observations, and combines these results with navi-

gational errors to get an ECM-CEP,

3.2.1.5 Forward Looking Infrared Sensor (FI.TR). The FLIR model is similar to

that of the IR, except that multiple looks at a target may or may not occur.

If a target is preplanned, or if FLIR is slewed by other sensors, FLIR is

siven two looks at the target. Slewing occurs when a forward looking sensor (i.e.,

MTIFLR, ECM) sees a target and provides FLIR with the coordinates.

3.2.2 Infrared Model (IR)

In simplified terms, for each of the four levels of processing, the IR model

accepts the Scenario outputs and, for the target being considered, computes:
3
(1)  The IR sensor detectability of the target on the carrent leg i
and pass, |
(2) The conditional probability that, once detected, the target is ¥
identified. ‘
(3) The error (CEP) in localizing the target.

O, i e,

However, since the IR sensor is actually two independent IR receivers, a high and

a low band, each of the three quantities are computed separately for each band and

;«

then combined to vield the overall sensor detectability, identifiability, and CEP

statistics. |
5 (1) those provided by the ‘j
]

The inputs to the IR model are of two kinds

Scenario program, and (2) those provided by the user.




INPUTS FROM SCENARIO

GEOGRAPHIC:

Ground range when passing broadside in NM,
Total slant range to the target in NM.

Target height above MGL in feet.

Variance of terrain height about its mean in feet.
Slant range through (1) haze and (2) clouds in NM.
Probability that target is not masked by terrain.

Depression angle to the target.

WEATHER DATA:

TARGET/BACKGROUND DATA:

(]

SENSOR AND NAVIGATIONAL SYSTEM DATA:

°

Prevailing visibility through (1) haze and (2) clouds in NM.

Probability of no undercast clouds.

Target area in square meters.
Temperature of target and background in 0K,

Resolution in meters required for 907 probability of

detection

Target and background emissivities for both bands 1 and 2

Probability that IR equipment is up.
Navigational variance in heading in radians squarcd.

Navigational variance in altitude in radians squared.

USER INPUTS*

*Parameters such as rvise time and scan rate arc assumed (o be apnropriate,

Angular resolution for bands 1 and 2 in radians.

Highest and lowest wavelength of both bands 1 and 2 in

microns.,




Thermal resolution of bands 1 ang 2 in OK,

Variance in angular measurements {bands 1 and 2) in
radians squared.

e IR system file gamma

.®  Minimum detectable logariithimic contrast.

These inputs are drawn together in the following manner:

N,
Jser
Inputs

IR
Submodel of Executive i
—— Detectability {
—— Localizability
—— Identifiability .
}
Paragraph 3.2, 2.1 shows how the IR stubmodel, using the inputs given above, !
can predicet detectability. Identifiability is discussed in detail in Paragraph 3,2.2.2;
a discussion of the localization is the subject of Paragraph 3.2.2.3. |
|
3.2.2.1 Detectability, As might be expected, the starting point in computing de

i

tectability is the computation of the power radiated per unit area into the atmospherg
by both the target and its background.

This is done by first computing the power ra- |
diated by a black body and then multiplying by the appropriate emissivitios., ~
3
Next, having been provided as input the relevant geographic data (o,
slant range to the target), weather information (e.g., cloud cover and de pth, haze
condition), and other such data as the probabilities that the IR is operable and that
the target is not masked by terrain, one cancompute the target and backe round powers
per unit area actually reccived at the IR by cone idering the effects of:
(1) Scattering,
() Attenuation of signal,
(3) Noise and clutter, |
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These received powers are then adjusted by the area of target

and background ob-

served, thus changing the data from POWer per unit area received to power received,
Finally, one forms the ratio of the power received [rom the target ta the

power received from the background.

dict the detectability.

This contrast ratio may then be used to pre-

Figure 3-1 is a flowchart of the computation of detectability. The elements of the

flowchart are elaborated in Paragraphs 3,2.2,1.1 through 3.2

3. 3.2.2.1.4, which comprise,
respectively:
(1) Computation of the power radiated by the target and the
background.
2) Computation of the power reccived at sensor (target and
background).
(3) Computation of the noise power received at the sensor.
(1)  Computation of the overall detectability.
3.2.2.1.1 Power Radiated by Background and Taract. A black body of tempervature

T degrees Kelvin radiates (into a hemisphere) \\'k (A walts per square meter at the

‘wavelength X (in microns) where

] ;
3.7405 x 10 14387.9/\T @
W s gt ] R :
Xl)

P P 3 . 1)
I'his equation is taken from reference,

The power radiated by such a body in the band (,\), ) is the integral of equation (3. 1):

)\2
W (LY \\')‘O\) dX\ walts/square meter (3. 2)
A
It is assumed that the detector sensitivity curve in each band is rectangular,  if not,

\\'\ would have to be multiplied by S\, the sensitivity curve, and the results
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numerically integrated. Under the stated assumption, using the three-point

Gaussian Mechanical Quadrature, * equation (3.2) may be evaluated to yield:

W(T) =3 [5 Wy (Xp) + 8 Wy (Xp) + 5 Wy (Xg)] 3.3)
where

D =y -Xp)/2

S = g+ Ap/2

C = 0.77159667

X1= S-D-C
xz-s
XS'» S+ D-C,

This formula (as proved by Gauss) is guaranteed to have at least the same accuracy
as could be obtained by replacing the integrand (equation 3. 1) with the best fitting
(over the range Xq, X,) fifth degree polynomial, (It was folt unnecessary to fit a

higher order polynomial to the eguation,)
The power radiated by the targer per unit area is then:

. P
ET W (l.r)
and of the background

l',B W (l”)

where Ii,l.
W (T-p) is the black body radiation at the target temperature and W (Tp) is the black

body radiation at the temperature of the background.

xactly integrated by

*Gauss demonstrated that a fifth degree polynomial may be «
This technique

knowing only the values of the function at three particular points.,

is explained and referenced in Handbook of Mathematical Functions, reference (14),

and }-Z” are the emissivities of the target and the background, respectively:
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3.2.2.1.2 Power Received at the Sensor from the Target and Background. Several
parameters must be defined in order to compute the power received at the sensor.

Let:

As = effective sensor aperture in square meters.

AT = target area in square meters (a spherical target is assumed).

R slant range to the target in meters

I

]

the angular resolution of the system in radians.

Then the area, normal to the radius vector, which is exposed to the system
at one time is:

_a2p2 :
Au=2R @.4)

The detector, when on tavget, * sees a target area of Al, where Ay ls

given by:

A] = Minimum of A’l‘ and AI\" {3.5)
Similarly, A2, the projected background area seen by the sensor, is given by:
A2 = Maximum of 0 and (AN - :\T). (3'. G)

By assuming that the background is an isotropic, flat radiator, Lambert's

Law can be used — only the equivalent arca normal to the radius vector need be

considered.

*It is assumed that
detector.

at some point the complete target is in the field of view of the

3-11
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The fractional radiated power captured by the system from a target (Pp)
and background (Pp) is then:
AS
Py = —3 [ErAlwch) + By A, W (Ip) 3.7)
TR
AS
Py = —5 [Eb AW (TB)] (3.8)
TR
where E{ and Ej, are the target and background emisgivitics, respectively.
Ordinarily, the received power would be multiplied by a broad-band ab-
sorption factor for each band to determine the effects of absorption. However, in-
spection of all relevant chapters of the ONR Handbook of Military Infrared Technology(él)
indicates that at wavelengths of interest such absorption would be small. Further,
since absorption reduces both P and Py its effects tend to cancel at higher signal-to-
noise (S/N) ratios.
However, the scaitering cffect of haze or clouds cannot be ignored. The
approximate effect, for a well collimated receiver beam, is to reduce the contribu-
tion of W (TT) in equation (3.7). This is equivalent to adding in background, so that
the result:
W I‘j )
= ™ - ’ A A G a ¥ ey, D e A/T &l 5.9
Py [nl Ag EqW(Tp)+ 0f Ay EGW(T g+ (1-a;) Agl B\x(rBﬂ . (3.9)
i=1, 2)
Where
P.“ = the power received at the sensor from the target when clouds
intervene
PT2 = the power received at the sensor from the target when clouds
do not intervene
o, = the total scattering when clouds are present
g the total scattering when clouds are not present

The rest of this paragraph is devoted to computing «rq and @y *

*Scattering of reflected sunlight is ignored since below 10 the system is ineffective
through clouds, while above & the sunlight contribution is very small.

3=12




The ONR reference () shows, further, that for 1< A< 10p the atmos-
pheric haze scattering is small out to 10km and highly inconsistent with respect to
haze thickness. Thus any physical model of haze scattering would be conjectural.
However, there is a relationship between IR and optical scattering outside the ob-

sorption bands. For visible light(4) the scattering coefficient, g is

3.9 o
ik 2 (meters )

where V is the meteorological visibility in meters. Taking the mean wavelength of

visible light, A = 0.55uM, the IR wavelength can be scaled to this value.
The IR scattering ¢) is found by first defining a constant Y. *
y=-0.058v /3 @. 10)
and then assuming, as is generally the case, that:

o= (CN)

L = 755—) : 3. 11)

where V is now the optical visibility. Haze scottering and cloud scattering can be
computed by replacing o with ¢, Or oy and V with VC or \-"{ in equations (3.10) and

3.11).

Hence, total scattering for the case where there are both ¢louds and fog is:

v v o) S
- (0, X} + 0 X) (3. 12a)

@y =¢ h

where:

X, = slant range through haze

h

XC slant range through cloud or fog cover

g " % Oy " (4
*A worstl case is assumed. Figure 6-37 of the ONR Handbook was chosen.
However, Figure 6-33 is more optimistic.
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If no clouds intervene (a probabilistic event)

-0, X

a, =¢€ h

2 (3. 12b)

These two values for @1 and ay are inserted into equation (3. 9) yielding two values

of PT. Value @q vields pTl when inserted into equation (5.9) and a, vields PT2'
Prq is simply the power received at the sensor from the target when clouds are

present; PT2 is the power received from the target in the absence of clouds.

3.2.2.1.3 Noise Power Received at the Sensor. In addition to the degradation in
detectability resulting

from the target-relative temperature of the target background,
the internal noise of the system affords another limitation. This internal noise can be
of at least two varieties:

(1)  Thermal noise caused by the ambient temperature of the
detector.

(2)  Shot noise caused by the condition that relatively few quanta
are received (per resolution timme interval) at the receiver;
hence, being of similar energy and random (Poisson) timing,
sampling noise is induced at the detector.,

To determine the effects, or relative importance, of (1) and (2) more
detail is required of the IR system design than is ordinarily available at the require-
ments level. These include the effective aperture of the optical system, the number
of detectors, all gecometric details of the optical system, the detector ambient tem-

perature, and temperature rise per unit radiated power input.

Instead of trying to compute the physical contributions to noise it is neces-
sary to work from the other end: from = specification that the thermal resolution is
AT (given in ©°C), An equivalent noise power, of the size corresp nding to AT

thermal resolution, is estimated and cquated to the equivalent noise power.

For the purpose just stated, it is sufficient to consider the case where the
resolution cell is at the same temperature, T. As 141,‘, is insensitive to temperature,
the change in power, P, caused by a small change, AT, in T is (from the Stefan-

Boltzman equation, differentiated with respect to T):

AP = 4 PAT/T 3.13
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The desired goal is to express the change AP in received power corre- ;"
sponding to the given thermal resolution AT. By equation (3.13), AP depends not
only on AT, but on P and T also. P in turn, depends on the attenuation and scatter-
ing coefficients. It is no problem since the thermal resolution AT must also, from

physical reasoning, depend on these factors. Then/A P depends only on T:
AP(T) = 4AT P (1)/T.

This has two implications. First, to define the thermal resolution as a
constant AT independent of temperature seen is unrealistic. I the resolution limit
is due to internal noise, AP would be independent of temperature, and if it was due
to background radiation noise, it would be proportional to \/l-’(T). Equation (3.13)
shows that neither of these is correct. Second, if some constant value of T, e.g.,

the coolant temperature (T,) is taken, the noise power, N, is given by:

N= [4ATP ('1‘0)/To] b

b = constant of proportion

3. 14)

for establishing the noise level, and thereafter N is considered to be independent of
T; then the noise is attributed to internal detector noise. If treating it as a back-

ground radiation noise is desirable, the noise should be proportional to P:

= [MAT VP(I J}))/IO] b (3. 15)

~ g

Therefore, the best procedure is to compute the equivalent change in input
§ O~ 2avs y 2
power due to radiant background, at some standard temperature (say 187°C) and emissivity \

(say 1.0); this corresponds to a change of T*, -

Then the estimated noise power, N, is: ¥

i ASA N
[ 2

[WB18°K + AT) - WB187K)]
TR

~ o s [ 5 = : .
where AT is measured in K for consistency of units.

*The as: l:mpliun here, in effect, is that AT is a vendor's claim made under opti-
mistic conditions, just like, e.g., receiver sensilivity., At present T is tiken to

be 318°K, although the choice is non-critical.




3.2.2.1.4 Detectability Computation. For infrared, detectability is handled as two

separate cases: in the first case, Level 1, electronic detection and threshold
triggering are assumed; the model for this detection closely follows radar lines.
In the second case, Levels 2 through 4, photographic or display imagery are pre-
sumed, and an imagery-detection model is used.

In each of the two cases, detectability computations are made for each of
the two bands, and for each of the alternative hypotheses that target is/or is not ob-
scured by clouds. For one band, the detectability results from the two alternative
calculations are combincd via linear weighting where the weights are determined by
the fractional undercast. This result is then combined with a like result from the
other band on a conjunction basis, i.e., if either band "sees" the target, it has been
detected.

3.2.2.1.4.1 Electronic Detection Model. Several sensors are modeled assuming
RF-type electronic detection to convert received signals to data, via 2 square~law
detector with thresholding. This includes the MTI radars, the ECM, and Level 1
processing in the IR subsystem. (Electronic detection is not included in the SLR
imagery model because internal noise is not considered a significant factor when

coherent integration is employed.) Signal-to-noise characteristics of a detector,

while sensitive to false alarm rates and integration times, are not particularly sensi-

tive to the linearity characteristics of the detector, rarely varying more than one db.
Therefore, the assumption that the detector is of the squarc-law type, without regard
to the fact that it may actually be otherwise (e.g., a lincar-log detector), is

reasonable.

The problem is as follows: given a signal of unknown amplitude, and a
threshold decision as to whether or not the signal is present at any given time, what
is the probability of detection of that signal when the threshold has been adjusted to
a given and acceptable false alarm rate? If the signal shape is known (as indeed it
is if a hard-edge source is assumed) one might just as well assume that it is a
sinusodial signal with judicious filtering. (This point is commented on in the ref-
erence cited below.) In common practice, the noise is assumed to be additive,
gaussian, and of limited bandwidth. This question poses the well known tradeoff

problem of Type 1 errors mon-detection) versus Type 11 errors (false alarm). The

3-16
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(5)

A curve-fit to the solution for a false

. g L : 6
alarm rate of 10~8 per integration interval is given in Betars:( )

problem is solved in Skolnik, Section 2. 5.

PDC =-0.320691 + S/N [0.027154 + S/N (0.0018809 - 4(10'5)(8/1\'))] (3. 16)

constrained to 0 < PDC <1, where S/N is the unitless signal-to-noise ratio (not db) and
PDC the corresponding conditional detectability. Subroutine PDET implements this
equation in the simulation program. Adjustments for other values of false alarm

rates are handled internally within each sensor model as follows: An input variable

IFALS represents the exponent in the desired false alarm rate, that is

x = 1p TIFALS @3.17)
where X is the desired false alarm rate per unit integration time. Subroutine PDY'T
is first entered to compute the detection probability PDS for the nominal value of

X= 10~8. This quantity is used to adjust the signal-to-noise ratio by the following

curve-fitting equation:(lz)
C = (IFALS-8) (0.0679-PD3 (0,0021)) (3. 18a)
[S/N]'=(8/N) 10-C) (3. 18k)

and subroutine PDET is entered a sccond time with the adjusted value of signal-to-
7
noise ratio, [S/N], to compute the adjusted probability of detection. The result is

then returned to the appropriate sensor model {or further processing.

3.2.2.1.4.2 Detectability
(1) Level 1. At this level, for alerting, electronic detection is assumed

(see Paragraph 3.2.1.4.1).

Within a given IR band, the signal received is simply the difference between

the target power received and the background power received. Therefore:

(S/N‘“, lP,,.l - l'“l /N (3. 19a)

1

(S/N) ]P“ - P,

‘/:\' (@.19h)

ik b

-




where (S/N)a is the signal-to-noise ratio when clouds are present and (S/N)u is the

I 2
signal-to-noise ratio when clouds are not present. PB is given in equation (3.8), and
N in equation (3. 15}. PTl is found by substituting equation (3. 12a) into (3.9); PT2 by

substituting (3.12b) into 3.9).

Substituting equation (3.19a) into equation (3. 16) yields the conditional prob-
bility of detection when clouds are present; denote this quantity by PDC(t where the
superscript denotes Level 1, A substitution of (3.19b) into (3.16) will yield the con-
ditional probability of detection when clouds are nct present, PDCiz.

(Note that PDCCIV' and PNL)C(IY must each be computed twice — once for IR band
1 and once for IR band 2.) y &

Combining the two bands to determine the conditional
detectability for the overal}l sensor (denoted by PDT) vields,
where R is fraction of undercast clouds:

PDT = R | 1- (2-PDC_ ) 1-PDC2)|+ (1-R) | 1-(PDC' )
“1 “1 R

;
(1=PDC° ) (3.20)
<2

The “totall detectability, PD, is then given by;

2) = D 5 b) . ?

PDh 120313 (}1) (12) (!\U)) g 24
where

Pl = the terrain non-shadowning probability

P2 = the eauipment

P(1) = the decision

(0 = no, 1 = yes) as to the availability of the
L

IR sensor at Level 1.
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(2) Levels 2, 3, and 4. With these levels (all assumed to have the

same detectability) there is an imagery problem and the noise N acts like a random |

fluctuation under which a contrast must be detected. Extrapolating from the Photo- E
Visual Model:

The contrast

B+ N 1
C =y | log s 3. 22 :
510 pB F N 3. ) i

where y is the system film gamma.

If € <Co, the conditional detectability, PDC, is zero. (CO is a user input | 3
and is the minimura contrast at which detection is possible.) Otherwise, letting P

be the required resclution for 90 percent probable detection at high contrast:

A
[—0.1 —“2—]
p

PDC = e o

where A\, is eiven in equation (3.4). This equation for PDC represents an empirical

: S/N) . : ;
curve fit to ((‘ contained in reference (12).

This equation for PDC must be modified to take in account the ground cell

size corrected for contrast degradation, yielding:

L7
0.1 i (3.23)

PDC = e e

where U is given by (from reference (12))

Equation (3. 23) must be computed twice for each band, once for cach value

< 2 4 ~ . . 3 oy O i
of & (as given in equation (3.12)). Let PDC. be the value of PDC from equation (3. 23)
l(k1 i
when @ is used and band i is being considered. PDC. is analogous for o,

Yo -
&L




Then let
A}
PDC ; = 1-(1-PDC; ) (1-PDC,< )
1 2
1
ey 1-(1-PDCy ) (1-PDC, )
& Lo
1 2 2
L
PDCropar, = R(PDC 1) + (1-R) (PDC ,)

And finally, the conditional detectability for the sensor (Levels 2, 3, and 4) is given by

/
PDC £ = 1= pl;c'l) (1 - PDC,)

TOTAL ~
As usual, the total detectability, PD, is given by

= J
PD = I DCTOTAL P1 P2 K(l)

where, as in equation (3.21):

P1 = the terrain non-shadowing probability
P2 = the equipment up probability
K(U = the decision (0 = no, 1 = yes) as to whether the IR sensor is

available in processing Levels 2, 3, and 4.

3.2.2.2 lIdentifiability. Let Pl(im be the conditional identifiability based upon band i

in Level L.,

Because conditional identifiability (conditioned on detection), on a per-target

basis, is not well understood, approximations must be used,

For Level 1, an input parameter SO is defined to be an "identifiability thres-
hold." Then

0 If Pd < S
o § S o
5 T
1 IfPd2S
O
It is assumed that, as in the photograph model (see Paragraph 3.2.7.2)
five times the resolution needed for detection is nceded for identification. This as-

sumption is discussed in reference (12). Then from the conditional probability

equation:
P (AIB) = P (AAB)/P(B) (3, 24)
U
o 2 . 4— 5
(2) (3) (1) P
) ) ) 5 e Sxiea
T i 1 (3.24a)

fori=1, 2,

|
{
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The overall sensor conditional'idcntifi:d)ility, PIL, (Level L), is given by

S B ~(1- PgJ))(l 2 PP‘L’) 3. 24b)

“~

3.2.2.3 Localizability. A CEP value is computed for each of the two IR bands.
The CEP for the overall sensor is defined as equal to the least of the band CEP's.

The following paragraphs discuss how the CED is computed for each band.

In the lateral direction, ground distance estimation errors, incorrect as-
sumption of target height, and granularity errors are the most significant. Other

sources of lateral error are not considered since they appear to be negligible.

At this point the variables used in this discussion are defined:

H = the true target height above the ground (not AMGL)

R = the true ground range to farget

Ho = the true aireraft height above mean ground level (AMGL)

TH = the true target height AMGL

H! = the true difference between the aireraft and target height AMGL
8] = the true depression angle to the target

R =~ the estimated ground range to the t:n'g'lot

~

6 the measured depression angle to the target
% . s

H = the estimation of H

Figure 3-2 illustrates the usc of these va riables,

First, the error in lateral dircetion (perpendicular to flight path) is con-
sidered. This consists of two parts: the error due to lack of knowledge of the
target's vertical distance component relative to the aireraft, and the error due to

uncertainty in the measured depression angle of the target.
The true ground distance to the target, R, is given by

R (H(, - TH) cot @ H' cot 0 (3.25)

3=21
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Figure 3-2. Iliustration of Lateral! IR Position Error
i 3
On the other hand, the system infers a ground range R based on measured aireraft
A~ ~ \ 3
height, H, and the measured depression angle § : 1
~ A " n
R = H cot8 (3.26)
The error in the measured aireraft height contains two random compo-
nents, namely
(1) 8Z — the error due to the fact that the aireraft nadir is not at |
mean ground level e
(2) § H — a height error arising from imperfect altitude
measurement
Mathematically:
~ .
= H +82Z + 8H (3.27)




The error in the depression angle consists of a random angular measure-
ment error, 88 . Then

8- 6+ 86 (3.28)
Substituting equations (3.28) and (3.27) into equations (3.26) yields

A

R= @+ SZ +3H) cot (B8 +80)

The argument of the cotangent function can be expanded by a Taylov's series;

neglecting terms of third and higher order:

cot (8+ 88) = cot8 - &6 csc28 (3.29)
Incorporating this expansion, the equation for R becomes

o o

R = H_ +3Z+ M) (cot § - 88 csc™0 ) 3.30)

< ; 288 :
The lateral error variance, ""; is then given by

4

W
[

A " 9
o x2 = E[R—R]z = B [GIO 8 7Z+8H) (cot @ - 86 ¢sc 78 (

2
- M, - TH) coLG]

Since the error terms are assumed independent and the random error symmetric,

the solution is
2 2 2 2 2 2 4
. e ] cse
o ['IH hoy,t 4oy } cot 0 4 H, T 0
where

oy is the variance of the terrain about its mean

o is the variance in the aircraft height above mean ground level as
measured by the system

o. . . . 1
@ s the variance of depression angles as measured by the system

The last term is relatively small, and since 1 > TII, no significant

error is introduced by uvsing the approximation

ll” = Rian§




o i

Hence,

2

) 2
o 9 T112+0 2+0 # cot™g +o P (3.32)
X A H g. . P 2
sin” g cos” g
This sigma calculation, being wholly correlated among the bands, should

£y
be computed only once. If, however, the system is diffraction-limited and og~ varies

9
between bands, then the higher value of 09" is chosen.

Longitudinally, the granularity error and the heading error contributions
are considered. It is assumed that V/h is effectively within limits and th

error may be ignored. Then

at the speed

2 R” ( “92 4 "912)
o =
¥

(3.33)
2
cos 61

where
oc. 2

I8 is the variance in heading.
1

And finally, the CEP for cach hand is given, conventionally, as

3 . 3. 3
CEP = 1.178 \f (0(0,) 3. 34)

The CEP for the overall sensor is taken to be the minimum of the CEP!
for each band.

s computed

8.2.3 Side Looking Radar *sz‘\iggﬁxjy_f\lc>dol (S,I,:B)
The purpose of this model is to compute, for a given target, the detecta-
bility and identifiability probabilities and the CEP of localization based upon in-

formation provided by the SLR sensor,

As in the case of the IR, the inputs to the SLR submodel are of twa
varieties: (1) those supplied directly by the user, and (2) those supplied by the
Scenario Program, As shown below, these parameters are fed into the SLRR sub-

model within EXEC and are used to compute the three main oulputs,

. 2‘1,——____-—-——#



User Inputs
Inputs Supplied
by the

Scenario Program

Executive

SLR Submodel

—— Detectability
—— Identifiability
—— Localizability

More specifically, the inputs are:

INPUTS PROVIDED BY SCENARIO ¢

GEOGRAPHIC
e  Ground range to target at time of abcam passage
e Slant range to target at time of sighting

¢ Aircraft height above mean ground level

©

Target height above mean ground level

e Aircraft speed (ground)

e Variance of terrain height about its mean
e  Radial ground projection of target velocity

e Probability that, at the time of sighting, the target is
not masked by terrain

WEATHER DATA
c Precipitation rate (inches per hour) of rain or snow
© Type of precipitation (i.e., rain, snow or none)
TARGET/BACKGROUND DATA
e Radar cross section of target

© Radar reflectivity of target and background




SENSOR DATA
@

USER SUPPLIED DATA

Resolution required for 50 percent probability of detection

Probability that equipment is in an up state at time of
sighting

e Range resolution
o Cross range resolution
: ;
¢ Depression angle of SLR 1
3
e Radar wavelength A
e Film gamma ’
e Resolution (in lines/mm or line pairs) of film or display '
o Minimum detectable logarithmic contrast :j
2 : ]
e  Width of film :
(] Minimum and maximum slant ranges covered by film k
(a subset of the total range which is in the field of view
of the SLR) y
o Width of range displayed g
® The variance of the perceived azimuth angle to the target ;
(for use in computing localization crrors) ,‘é
The following paragraphs contain a discussion of the technical manner in \
which detection, identification, and localization are treated for the SLRR. ‘
'
. v . - . . . |
3.2.3.1 Detectability. side Looking Radar presents an imagery preblem similar - i
to that of photography. The signal and system gain characteristics are such that e
detectability in terms of classical radar-type considerations (vis-a-vis noise and
attenuation) would be essentially 1.0 for a "white' target against a "gray' background,
The operational view of the model in terms of detectability is described below.
'!
The signal returns generated by the target, background, and precipitation
backscatter are additively and cohorently processed (m at a time) through an appro-
priate phase-controlled filter to yield film images. If the tavget size is significantly
k

J=26
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larger than the radial projection of the ground resolution cell, the energy returned
in the filled cells is the sum of:

(1) Target reflectivity return.

(2) Precipitation clutter in the three dimensional resolution cell.

If the target is smaller than the projected ground resolution the energy
returned in the filled cells is the sum of:

(1) Target's radar cross section return.

(2) Background return in that part of resolution cell not covered by
target

(3) Precipitation clutter in the resolution cell,
The background adjacent to the target reflects energy as the sum of:

(1) Background reflectivity and the return cell size.

(2) Precipitation clutter in the resolution cell,

Since only imagery on a film or CRT is of concern, effects due to radar
figure of merit, inverse fourth power spreading, atmospheric attenuation, antenna
pattern and assorted constants will cancel out when target-background contrast is
considered. Irom this point on, then, the problem is one of contrast and resolution
on the visual image and only the appropriate equivalent ¢cross sections per unit area

(i.e., the equivalent reflectivities) need be considered.

3.2.3.1.1 The Cell Reflectivities. Let the target cross section be 0 ; and its re-

flectivity be Xy The target's visual cross section is then 07/1'T, negleceting glint

Let the target depression angle be ¢.

Let h and j be, respectively, the range and cross-range resoluticn of the
radar in meters. Note that it is an approximate characteristic of focused coherent
radars that the effcctive azimuth resolution varies inversely proportional to range,

and that the quantity j is independent of range.




T T

Then the ground resolution cell area, AL, can be found with the aid of

Figure 3-3. In Figure 3-3, the second part is a cross section of the first:

p = ground range to target

R = slant range to target

h = range resolution

J = cross range resolution
Z' = the ground projection of h
A= ()2

Ar can be found as a function of p, R, and h by noting* that

Z' (2p+Z') = h 2R+h)

Z'2 + 2pZ' - h @R+h) = O

2 ’F 2 1 on
g1 - —2p+ Y4p~ + dh 2R+ h
2
' 2 .
Lt = p”+h 2R+h) -p
Hence,
" = j(ﬂ\/pz+ h @R + h) - p)
E \
*A well known theorem from plane geometry states that (A1) (BE) (CE) (DE)

where AB and CD are intersccting chords of the same circle.

(3.35)

3.306)
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Let XT and }‘b be, respectively, the equivalent reflectivities of a radar
cell centered on and off the target. Let o and Ty be the corresponding radar
reflectivities (sometimes designated as o, in the literature). (_\'b is taken to
be rb) +« Let AT be the equivalent target arca, identified as
the ratio of cross section to reflectivity. *
. ] T ¥
Ay = — (3.37) £
g ;
Then from the foregoing discussion: "
If AT 2 Ar ;
g~ Ty (3.38) i
E
<
If AT Ar




3.2.3.1.2 Rain Clutter. Let R be the slant range to the target and H be the aircraft

height, AMGL. The reflection from rain in a period of time corresponding to one

radar range cell at R is from a volume covered by a depression angle ¢:

arcsin B 2 ¢p20

e (3.39) 8 ;

min

where ¢min is given by the minimum depression angle for which the csc2 keam
pattern is valid. The 0502 beam pattern is assumed, and is conventional since, 1§
within the pattern, all equivalent targets at a given relative altitude, but any range,

return the same energy to the receiver. It is assumed the beam power density is

2 . s .
w)csc where w is a generic constant related to power and antenna gain.
’ g

In a volume dV = thA ydo, wh_ere h is the range resolution and A § is
the azimuth beam width, there is

2
0 I = sh
Rd" oR hR“A Y cos ¢do (3.40)

backscatter area, where oR is defined as the backscatter area per unit volume.

Then the antenna sees rain-clutter power (where Hy is height of rain)

: . H-H S5
max {¢min, arcsin, ‘R—r' if H.<H

|

1

9 ®min ifHy 2H }'

Cp = WORhR™AY csct ¢do (3.41) i
arcsin H/R

where w is still a generic constant. This integral is benign:
4 o cos ¢ 1 "‘i
fcsc ¢odo= Tsing [ —5 4 2] (3.42) 1

sin” ¢

and so equation (3.41) becomes

A S
€y = (woy hR% A /3) { A -(ﬁl ®2/H%) - 1)<2+ m“/nﬂ) } (3.43)

4
e

e s
AT

where A = min {B, C } (3.44) j
[

0 . ]

and B cot Pain 2 + cse Dminl’ (3.44a) i
2 1

C = ___\—_0 _1(2 A .._I{__._._._.:.z. ‘
V(H-n,.)“ M- Hy) (3.4 1b) f

It remains to consider w and oR: first w. k
&
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On the ground, at range R the ground clutter is, using the symbols used above,

4 5 4
C; = wesc ¢ 05 hR AY =wR oGhAy'//H (3.45)

where the w is the same in equations (3.41) and (3.43). Therefore,

Wl DOME ) e

and here oG is actually "r", the appropriate ground backscatter coefficient.

Therefore, the rain clutter causes an effective increase in total clutter from CG to

: (3.47)
G -

The quantity CGr is identified, as appropriate, with either target or background.

It remains to evaluate OR Referring to page 542 in reference (5), the given

empirical curves may be fitted to:

log (og) =@ + B logP = log (a'P)B (3.48)

where P is the precipitation rate in equivalent mm/hr. of water. Then

) B
oR = @« R-2)* P (3. 49)

By the curve, derived from reference (5), this is

Uy = Ko 1073 (il-—) pl:6 cmz/m3 (3.50)

x4
where P = rainfall in mm/hr. The quantity K is unity for rainfall and 0. 22 for snow
(Ref (5)). To make this into a dimensionless product GRH, H must be given in meters

(in this term only) and

4

o, = K-10~" (£L) pl.6 2,3 (3.51)
R -
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H and R must be in meters and X\ in centimeters, because the coefficient
10.7 is an empirical constant.

Since normalized radar returns have been used throughout, CR can now be

identified witk _‘f..) the oquivalent pgr-’ itation backscatter per unit area. In this case,
t

using the stated normalization, CG must be identified with e Assembling the previ-

ous results,

=1 1.6 3 2
% EEEEN [0/ B o ) e

3.2.3.1.3 Target Contrast. The target contrast is given simply by

)
Ty +X
p

C =7 |log, (3.53)

X, X I
where Y is the system gamma, including film gamma, typically it is 0.8. Note that
there is an additional improvement in C if the precipitation return is assumed inco-
herent, i.e., the projected raindrop speed in range is large compared to L, where T
is the integration time. For now, it is pessimistically assumed that precipitation is
coherent.

If the target contrast is insufficient, i.e., if C < Co’ the target is not de-
tectable; PDC = 0.

3.2.3.1.4 Effective Resolution. The interaction which degrades resolution as a func-

tion of contrast is not known for SLR. It is assumed that the general process of degra-
dation of resolution proceeds as in photographic systems, for which there is available

a curve fitted to actual film data as given in Paragraph 3.2.7.
Let Y be the effective system resolution in meters.

Let L; be the film resolution in lines/mm
Ll' be the display resolution in total line pairs.

Let D, be the width of film in meters per line. let | be

Ry R
min max
the width of range displayed in the display in meters, and

'

Rl is the width of range displayed (in mecters).

3-32




e

———
¢ )

The eflective output resolution is

for film (Levels 2, 3, 4)

R R__.
Q = L L 3m19— meters (3.54)
D1 X 10" x L1
for display (Level 1) A
Rl' :
Ql' = ‘—I:T meters (3.55)

Then the effective system resolution is

VA + @)

X B e meters (3. 36)
1l-e =2¢)
where Q0 = Q1 when considering Levels 2, 3, and 4, and Q0 = Q]' when considering
Ievel 1.

Note the correction for the projection of range in computing Ar.

3.2.3.1.5 Detectability. Assuming the conditions imposed by equation C > Co G.e.,
PDC # 0), the basic detectability is estimated by an empirical data curve fit (12)

given below:

V2
= 0.69 ? (3.57)
PDC = e T
where YT is the 50 percent probable radar detection resolution requirement for the
target type, Y is from equation (3. 56) above.
Note that equation (3. 57) is computed twice; namely:
(1) For Level 1, using the value of Y from equation (3.56) when QO = Ql'
(2) For levels 2, 3, and 4 using the value of Y from (3. 56) when QO =Q

1

[ —

.
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To obtain the total detectability, this factor must be multiplied by P
terrain non-shadowing probability, and Pup' SLR-up probability, and by an indicator
KL which is 0 (or 1) as the SLR is not (or is) available at Level L.

™ the

PD = (PDC) (Py) (Py) (K) (3.58)

Again, PD is computed once for Level 1 and once for the remaining levels.

3.2.3.2 Identifiability. Since, for SLR, about three times the detectability resolu-

tion is required for identification (12), we have, using the conditional probability
equation (3.24),

[-5.5 X ] ' (3.59)
P. = e YT2

I

where: Y is given in equation (3. 56)

Yo is defined in equation (3.57)

Again, two values of PI are computed: one value for Level 1, and one value for Levels
2, 3, and 4, When PI is computed for Level 1, the value of Y is found in equation

(3. 56) by letting Q0 = Q,"'; similarly, the value of PI for Levels 2, 3, and 4 is found
by using the value of Y from equation (3. 56) when Qo = Ql'

3.2.3.3 localizability. This is expressed as a CEP measure comprising two

components, lateral error and longitudinal error.

3.2,3.3.1 Lateral Position Error. The definitions given below are used in the fol -
lowing discussion:

TH = the true target height above mean ground level
H = the true aircraft elevation above mean ground level (meters)
SR = the slant range to the target being considered (meters)
' = the bearing angle to the target (radians)
] 02({) = the variance of the terrain height about its mean (m(‘tvrsz)
3-34
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The SLR actually measures the slant range to the target (by counting signal

return delay), but, unlike the IR, does not measure the depression angle to the target.
Therefore, as far as the SLR can tell, the target may be located at any point on the

circumference of a circle of radius SR with the aircraft at the center.

As shown in Figure 3-4, the actual target location is at the intersection of
the circle of diameter SR and the ground. However, the system does not know the
target elevation, so it cannot give the ground distance, p, to the target correctly,

Rather, the system assumes (as shown in Figure 3-4) that the target height is the

same as the ground directly below the airceraft. This is the source of the lateral error.

Referring to Figure 3-4, the ground range to the target, p» is simply

p=YSR2- (H-z)?

Note that Z is a random variable which shows how the ground height directly below the
aircraft differs from the mean ground level.

\ssunmed \
Farper S
mosition & N

Assumed
e -4“— e r— Fareet Heghe

Figure 3-1, Lateral SLR Position Error
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On the other hand, the true ground range to the target, p, is given by

p = /sr® - (-t ] (3. 60)

solving for SR yields

SR = /o2 - (H-TH)? (3. 61)

Substituting equation (3. 60) with (3. 61), and writing 5 as a function of Z gives

A 2 .
o (Z):‘/p2 - (2H) (TH) + (TH)” + H (22) - Z2

For any given value of Zthis would give the true 5 and would be the error in
localization. Rather than introduce the nonsignificant numerical values of z, it is

preferable to discuss

A /2 i 2
E(p-p)=E Vp -2H(TH)+ TH*+2HZ - Z =D

9 9
2H (TH) - TH? - 2HZ + Z°

zE{p (1 _ lenenn - TH® - 282 + 2 ] R
AR 4

“p

8 e 2
= 2}1 (1 }{) - I}]H +ior (Z) (-\ 62)
2p
which is the mean localization error in direction of target bearing,

Equation (3. 62) must now be evaluated. As a first step, notice that

5 ) - /,,2 - 2H (TH) + (TH)> (3. 63)

¢ N oYE . " e, .
Next, the value of ' (Z) can be computed by utilizing a Tavlor expansion. as

shown by the following equations:

~

f)
~ ~ d « P 72 d= ~ 9
p(Z) = p (0)+ Z[a;' /)(A)] + & [——— ,)(Z)] C (3. 61)
" 7=0 < F=0
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pr(z) = - M2 B2~ e . H 1

Fa) 0 - 5 -y

(5 (2)? (Poy® PO

Substituting équations (3. 65b) and (3. 65¢) for equation (3.65a):

2
pa)=po 2827 L
pP(0)  2p(0) (p(0))
‘ Then

2
EB(Z)=S(O)—LAQL 1*'#2) el
2 (0) (p(0))

[E cfo‘(Z))z]: E (5" - 2H (TH) + (t)® + 2117 - 2%
=p? 20 (TH) + (rn)” - o2 (z)
= (5O - 6% (2)

B =E((5@)- mpa -

2.9 - N n? ¢2z
(5N =" Z)(p () + & @+ § ____[14

2 A
(P (0) 2(0)
2 12 4
= 0" (Z) (‘A"_“T(O))_ + Terms in o and higher,
p
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(From 3. 65b) and 3. 65¢) (3. 69)

(3. 65a)

(3. 65b)

(3. 65¢)

(3. 66)

(3. 67)

(3. 68)
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Summarizing, the variance, in 6(2) is
2 2
H o (z)
R
(P (O)2 e

where, from equation (3. 63b):

©>

©0) = Vo2 - 2H (TH) + (TH)? (3.71)
and p = the true ground range.

It is already known (from equation (3. 61)) that the mean error in lateral
position is

- o2 (§) - 21 (TH) + (TH) 3.72)
: 2p }

The root mean square (rms) error squared is not the variance because of

the bias introduced by the mean error # 0. Taking this into account, the rms of lateral
u error, is given by

: 2
u '—\‘//VZ!!‘IE!!!’JC + (miean error)

“JEGH [EG-0)]* (3.73)

3.2.3.3.2 Longitudinal Position Error. The doppler effect causes a systematic

longitudinal position error (see Figure 3-5).
\'

g |’

i .

A\

[2] \f') Apparent Target Position
/,_,— Error in Target Position

",

.

Actual Target Position

Figure 3-5. Doppler Elfcet Position Error

3-38




e 5 M s T iy S

Let VD be the radial ground-projection component of target veloeity, and
let Vg be the aircraft ground speed (knots). It is assumed that all photos are cor-

rected by the measured drift angle. If it is small, the systematic error is

RSVD cos ¢
4, =—% (3.74)
g .
where ¢ is the depression angle to the target (see Figure 3-5). \q
The drift error introduces a random displacement i

o? @,) =o% (8),” 3. 75) '3

Then ; li

Vr\/Alz s () + Ar (3. 76)

where Ar is the ground resolution cell area as defined in equation (3. 36).

o

3.2.3.3.3 CEP,. Combining the lateral and longitudinal errove. the CEP is

CEP = 1.178 V(U) (V) 3.77)

3.2.4 Forward Looking Radar with Moving Target Detection Capability (MTIFLR) |
MTIFLR is considered a sensor although FLR imagery is valuable only as a |

navigational aid, becausec the latter's low resolution makes it an ineffective backup

. . . . P ]
for the SLR. Nevertheless, as a source of moving target information (MTI), this ‘
unit is quite useful. i

There are two types of inputs to the MTIFLR model.  The first class of

inputs are supplied by the Seenario Program; the second is supplied by the uscer:

INPUTS FFROM SCEN ARIO

GEOGRAPHIC
® Aircraft and target height alove mean ground level

[ Minimum and Maximum ground range at which target is

detectable
g_:;_—_-_‘-———-‘-—#




e Expected number of target sightings unmasked by terrain:
also thc variance

e Absolute value of the target velocity projected along the
slant range vector

e Variance of the terrain height about its mean

(] Slant range of rain traversed

e Probability that target is not masked by terrain
WEATHER DATA

® Precipitation rate of rain cr snow

] Type of precipitation (none, rain, or snow)
TARGET DATA .

e Radar cross secction of the target

e Backscatter coefficient of the target
SENSOR DATA

) Probability that the equipment is operational

USER INPUTS

SENSOR PARAMETERS
e Size of the rectangular resolution cell
e Radar wavelength in centimeters
e Maximum depression angle

e Threshold velocities above which a target can (1) be detected
2) be identified

© Processing levels in which the MTIFFLR operates
TARGET/BACKGROUND DATA*

° Signal-to-clutter and signal-to-noise for standard target
under standard conditions

*The terms standard target and standard background will be defined later in this
paragraph,
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© Size of standard target

® Slant range to standard target

Difference in altitude between A/C and target under
standard conditions

Reflectivity — backscatter coefficient for standard back-
ground

NAVIGATIONAL DATA

e  Standard deviation of the perceived azimuth angle,

OTHER

© TFalse alarm rate (noise induced)
These inputs flow into the MTIFLR submodel of the Executive Model

where they are used to compute detectability, identifiability, and localizability
statistics:

User Inputs from
Inputs

Scenario
\ / d

‘4
EXECUTIVE PROGRAM ]
MTIFLR Submodel

Detectability

——— Identifiability

Localizability
Factors influencing detectability are discussed in Paragraph 3.2.4.1.

Target
detectability is the topic of Paragraph 3. 2. 4. 2.

Paragraphs 3.2.4.3 and 3.2.4.4
discuss, respectively, the target identifinbility and localizability.

o=11
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3.2.4.1 Factors Influencing Detectability. In order to properly model detectability,
several factors must be known, ‘

A very important concept with this sensor is that the target may be "seen"
more than once. (This is in contrast with such sensors as the IR, which sees a target
only at abeam passage.) Statistically, it is assumed that the sensor is given a number
of discrete, independent looks at the target. Detectabilities are computed for each look
and then integrated over all looks.

The detectability for a given look is found by first ascertaining if the radial
component of the target velocity is sufficiently large to be detected. Then, assuming
that it is, a careful analysis is made of the signal returned from the target to the
sensor; in particular, the effects of noise, cllutler, and attenuation are modeled. If

the signal degraded by all these factors is still sufficiently large, detection occurs.
The following paragraphs will discuss:
(1) Statistical treatment of the number of independent 1ooks
(see Paragraphs 3.2.4.1.1 and 3. 2. 4, 1, 2).
(2) Velocity Tilter model (Paragraph 3.2.4. 1. 3)

(3) Signal-to-Clutter and Signal-to-Noise Ratio (Paragraph
3.2.4,1.4).

(4) Attenuation due to rain or snow (Paragraph 3. 2,4, 1. 5).

Paragraph 3. 2. 4. 2 illustrates how detectability is actually computed once
the above factors are known, both for single looks and for the integration over all
looks.

3.2.4.1.1 Number of Lools and Associated Viewing Angles. A "look™ is defined as
one radar scan, provided the target is within the radar's geometrical limits. Sweep-
to-sweep integration, however, is handled separately, Several variables used in the
following discussion are defired below:

= maximum slant range of the sensor

Rmin = minimum slant range of the sensor

3-42

St ache i Hael i sl

B GRS o




The next step is to fiad the expected value of the square of the number of
unobstructed sightings. This variable is called EXSQC and is computed in one of two
alternative ways. Let Ay be the coherence angle of terrain masking, Ay is an input

parameter.

If dg ~ "”ISA ¥, the looks are assumed to be completely correlated with

respect to terrain shadowing and
NL
EXSQC = 21 (2(NL) - 2i + 1) PM; (3. 89)
1:

If, on the other hand, ‘J\z - zj)1> Av, a somewhat more complex situation
exists. The looks are divided into two independent scts, the looks within a set are
held to be completely correlated. The sets are formed by defining a variable N'
defined by:

N' =

NL/2 if NL is even
(3. 90)

(NL + 1)/2 if NL is odd

Then the first set consists of ihose looks before N', i.e., the set J such that 1£ J< N,

and the second set consists of those looks after N', i.c., the set K such that N' € K <NL.

The probability of exactly i unobstructed sightings in the first set is

1.0 - PMy, ifi=0
= - =1, o0op (N = 3,91
Py PMo -4 1) - PMigr if =1, (N' - 1) (3.91)
PM, if i = N'

The probability of exactly i unobstructed sightings in the second set is

1.0 -PMNL ifi=0

PM ifi=1, ..., (NL-N'-1) (3.92)

2% Y "ML -1+ 1) T PRmL < 4)

PM; 4 nv) if i = NL - N'
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model,

(equations 3.94 and 3.95) will be us
look detectability for a target.

cosine of the depression angle tends to zero.

lap between the region of terrain visibility and the region of larg

The probability of exactly i unobstructed sightings altogether is

i
z Pil p(i -j)z for i = 0’ 1’ “ e 0y (NL'N')
g
Pi : : (3.93)
NL-N!'
j:zi-N. 1:,(i--j)l Pj2 f0r1=NL—N'+1,_”,NL
NL % 4
EXSQC = i Pi Ak
i=1

The variance of the number of unobstructed sightings is

VAR = EXSQC - (EXC)> (3.95)

The expected value and variance of the number of unabstructed sightings

sed in Paragraph 3.2.4.2.2 when computing multiple

3.2.4.1.3 Doppler Velocity Filter, MTI applies only to targets with a velocity whose

radial component is in excess of some fixed threshold value. The

radial velocity must

be computed and then checked against this threshold to determine if detection is possible,

Let the radial component of target velocity, i.c., the Doppler velocity, be

denoted by Vr’ and let the threshold value be given by Vt == an input parameter to the

The first step is to find V. If the target is at long range, it is likely to be
masked by terrain, If it is at close range its radial velocity contains a multiplicative

factor, namely the cosine of the depression angle; as the target comes closer, the

To take into account the extent of over-

ye enough cosine (de-

pression angle), more computation and programming is required than can be afforded.
Therefore, only a single instant is examined to determine whether or not veloeity is

MTI-detectable.  This computation is conducted as follows.

acad s




e

Let Vy be the target velocity component in the direction perpendicular to
the flight path; Vy is positive if the distance from the flight path is increasing. Simi- ! '

il

larly, let V be the target velocity component in the direction of the flight path; it is
positive if the aircraft is overtaking the target.

Compute an average target azimuth angle:

i i TRl

|
Uy tidg ,
e ¥ T (3.96) a

and an average depression angle to the target

A I
b1 44, . 1

¢ =—5 (8.97)
where (from Paragraph 3.2.4.1, 1):

Uy by are the first and last azimuth angles and,

¢, are the first and last depression angles,
1**2

1
The radial component is
Vr = l cos ¢ (Vy sin &+ Vx cos dv)l . (3.98)
3
The radial velocity component is tested against the threshold Vie V. < Vi, no :

detection is possible; the probability of detection is sect equal to zero and no other

computations are made. If YV P Vt, the computiations continue,

3.2.4.1.4 Signal-to-Clutter and Signal-to-Noisc Ratios. A classical approach for

determining the signal-to-clutter and signal-to -noisec ratios of the radar system in-
volves computation over the radar range equations using basic characteristics such as
effective system bandwidth and receiver noise figures. Tor signal-to-clutter analysis,
a detailed knowledge of the clutter rejection select capabilitics is required, Alterna-
tively one may select "specification standards' and scale them to the real -world en-

vironment. The latter approach was employed for the simulation.




These specification standards, as given in, say manufacturer's literature,
are with respect to some standard target and environment. If the specification claims
X db signal-to-clutter ratio, this must be described with respect to a unit area target
at some extreme range with defined clutter reflectivity, i.e., a standard target. The
parameters o. the standard target are used to determine the radar parameters, as the

most useful approach available in the absence of a known radar design.

The procedure adopted is necessary because the designs of the detector and
of the clutter rejection circuitry are not fixed or known. Thus, the approach of using
input specified signal-to-clutter (S/C) and signal-to-noise (S/N) ratios for a standard
target and range is adopted.

The following definitions are cst;qblished for the standard target:

op = size of standard target, in square meters (radar)

R0

H

i

slant range of standard target

difference in altitude between aircraft and target under standard
conditions

Te = reflectivity, backscatter coefficient, of standard background

S/Co = signal-to-clutter ratio in decibels for standard target under
standard conditions

S/N, = signal-to-noise ratio in decibels for a standard target under
standard conditions

Other definitions used include:

r = backscatter coefficient of the background
TH = target clevation above mean terrain level

O = radar crosssecction of the target

Let

Y o+ Y 2
R = \/(H - TH)2 4 ( —g—i—b) (3. 99)
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Then the signal

-to-clutter ratio is (in db)

er. Ro
S/C = S/Co +10 logw[

e ]-— 10@0g10 (Xp+1) ) (3. 100)
o

where Xp is the precipitation clutter correction (see Paragraph 3. 2. 3. 1. 2) and the
signal-to-noise ratio (assuming a csc2 beam) is
4
S
S/N = S/N, + log1, S [ 10 log'10 Q (3.101)
@, B~ TH)

where Q is the precipitation attenuation and is found as follows:

Precipitation Attenuation for Rain

-
From Skolnik(o) (Figure 12.11) empirical curves are fitted to yvield the
following attenuation equation for A £10 em,

.37g -8 /
o= 228 50050 S
2.65
A
where:
@ is the attenuation coefficient in db/NM t
X is the wavelength in em .
{
g is the precipitation rate in mm/hr. | N
]
T
. %
Let D be the distance traveled through rain in N). Then A, the overall attenuation |
coefficient, is:

AN

0.37 gD -8 4 ;
A =ap = (T(j‘ ) =375 x10 T g DA A < 10cm ‘
! g (3.102a)
0

A>10 em

SR,
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The twoway multiplicative attenuation for radar Q, is

Q ( 19”A/S )2 = 1074/5

Precipitation Attenuation (or Snow

Using the same data from Skolnikcn (Equation 12.34) and a method

analogous to the rain case,

_ 0.00648 g% 0.00116 ¢

)\4 A

where g is now defined as the precipitation rate in mm/hr of water. Then, again

1.6 _
A = 2.006::85_', D+0.00-!1)‘6gD A< 10 cm
A (3. 102D)
0 A >10cm
and
Q- 10 -A/5
| 3.2.4.2  Detectability. Detectability is assumed to be the same for all levels.

3.2.4.2.1 Single Look Detectability. Using data in Skolnick, () the clectronic detece -

tion model of Paragraph 3.2.2.1.4.1 is used (equation (3. 16)) to compute detection

probability, considering signal-to-noise and signal-to-clutter ratios separately. Sim-

!

| ply restating this equation:

5 :

| PDCS/N ==0, 320691+ (S/N) (0. 027154 + (S/N) (0. 0018809 - 11077 (S.r'X)))

: (3.103)
PDCS/C = =0, 320691 4 (S,’C)(o. 027154 + (S/C) (0. 0018809 - 11077 (S (‘)))

S/N and S/C arc unitless (not db) signal-to-noisc and signal-to-clutter ratios.

As shown, this equation must be performed twice, once for the signal-to-noise case

(l’l)CS/N) and once for the signal-to-clutter case (PD(‘S C). The results are multi-
i plied together to yield PD, the single-look conditional detectability.

(3. 104)

Phi= l’l)(ls/‘\. PDC S/C

Ty




g

3.2.4.2.2 Multiple Look Detectability., The problem in computing the multiple look

detectability is to take into account the effect of Ay, the coherence angle in terrain
masking. Thinking of € as the number of unobstructed looks and 7 as the keying prob-
ability, the following relationship exists:

n=1 (€)

Both € and 5 are random variables. The mean of ¢, €, and its variance, o2 (e), are
known (equations (3. 94) and (3.95)). The mean of 5 is examined by taking a Taylor
expansion about e in the above equation:

. 2 "
n=1(e+Be)=1 @) +Aet’ (e + 21 L S
‘ (3.105
A 2 f" -
Em=f@+0+ 2" (),
2
That is, 0'2 (€) shifts the mean of 7 by the amount
% "wo-
g () f (e)
2
from the "naive' estimate
=1
In this case f(e ) = 1- (1—PD)E
Thus, the conditional multiple look detectibility, PD-, is
PDp= 1-(1 -PD)E( + [Log @ —PD)]‘?[EZ—@—] ) (3. 106)
" 1+ [Log .

2

where PD is the single look detectability from equation (3.104). The values of € and
0.2 (¢) are, as indicated, the expected value and variance of the number of unobstructed

sightings (equations (3.94) and (3. 95). The total multiple look detectability, PD', is

L}
PD = PDy (Pyp)

where i

pUP is the probability that the sensor is operable




3.2.4,3

Identifiability. Data on MTI identifiabi

""cookie-cutter" approach is adopted,

& ={ 1.0 if PDT ZPDTO
I ;
0.0 if PDT < PDT0
where;
PI = conditional probability of ident
PDT = the multiple look detectability
PDTo = a threshold detectability (a use
fact that if the detectability probab
no identification can be expected)
This

3.2.4.4 Localizability, Localizability is expres
e ———rt—————

divided into two components: a lateral error,

uncertainties,

The computation for the later:

case of the Side Looking Radar (sce Paragraph 3, 2.

Simply stating the results:

U-~/E<62)+[E<3—p>]2

where.

U is the lateral error

)

AL

E(p

= variance of lateral error

E(ﬁ- P) = the mean lateral error

The range error due to the size, h

cell is (assuming that aireraft altitude ¢

, of the

rrors are re

approach can be improved when useful data become

5

and error introduced by target height

al position error is exactly the

lity is sparse. The following

(3.108)

ifiability

r input parameter reflecting the
ility is not sufficiently high,

s available.

ed as a CEP statistjc that can be

same as in the
3).

(3. 109)

(3.110)

(rectangular) pround resolution

latively small)



2 h2
S = B
o (SR) - (3.111)
r)
2 :(}12)(_81{“) (3.112)
TP X2 02

due to range resolution. In these equations

p = true ground range

h

il

the size of the rectangular resolution cell

SR

)

slant range to the target

The factor 1/12 is simply the variance of a rectangular probability distribution of
width 1.

Then, the rms error due to height uncertainties and total standard deviation

in range is
2 £¥
Op =Jop + U (3.119)

The total cross range resolution is

o, (SR)a (@) (3.111)

2 i :
where g (8) is the variance of the measured angle to the target.

Combining these statistics, for a single look, the localizability is given by

¢ 1178 Jo,e0 (3.115)

EP(l look) w

This equation for CE]’(1 look) must, however, be corrected for the choice of a repre-

N
sentative SR, Since the target is moving, no smoothing can be done unless sophisticated
target tracking is undertaken, It is best o wait for the range, R, to minimize. When

this occurrs

2 2
SR= /p” + (I - TH)




and the expected number of successful looks is 1. Therefore,

CEP = CEP

3.2.5 Side Looking Radar with Moving Target Detection Capability (MTISLR)

The MTISLR is treated in exactly the same manner as the MTIFLR (Para-
graph 3. 2.4). The inputs (one additional input — the ground range to the target at
abeam passage — is provided to the MTISLR by Scenario) and the desired outputs are

the same.

As in the case of the MTIFLR, several factors must first be computed before

detectability, identifiability, and localizability can be predicted.

First, the radial component of the target velocity, \'r, must be computed
and checked against a threshold value, Vy (the value below which no detection is
possible). The equations for computing this are identical to those in Paragraph
3. 2.4 1. 3 and are therefore not repeated, It V{ = Vis a variable XD is defined to be

}
1 and computations continue. If, on the other hand, Vy. < Vi, XD is defined to be 0,

The next step is to compute the signal-to-clutter (S/C) and signil-to-noise

~ (S/N) equations. These arc (from Paragraph 3. 2. 4. 1, 4}

ot RO
3 =8/ ; 3 o e AL, R ) Loo ; 3. 118
s/C = s/C, (10\1%10(%], = ) (10 Logy; X (3. 113a)
and
0'”04
= S/N 0g. | ————————]-(10)Log. .Q 3. 118
S/N S/NO +(10)Ion10( o, (11 - '1‘11)7) (1o n,,m(L (3. 118b)
where:
o, = cross section of the standard target
by slant range to the standard target
He difference of altitude between aireraft and standard target
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r, = ground backscatter coefficient of standard background
8/C, = signal-to-clutter for standard target (db)

S/N, = signal-to-noise for standard target (db)

I = backscatter coefficient

TH

target elevation above mean ground level

H = aircraft elevation above mean ground level
o = cross section of target

R = target slant range

Q = precipitation attenuation

Xp = rain clutter

Q and Xp have been computed in Paragraph 3.2.4.1. Two definitions are
now needed:

Pdl = the detectability when signal -to-clutter is considered
sz = the detectability when signal -to-noisc is considered

Then, from Paragraph 3.2.2.1.4:

Pd; =-0.320691 + 0, 0271548, + 0, 001889645,> - 4 (1079) 513

(8.119)
sz =-0,320691 + 0. 02715482 coad 0 ) 0018896~1$22 - 4(10—5) 823
where:
(S/C)
' 1
S1 = 10
(S/N)
S, = 10 1
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3.2.5.1 Detectability. The overall target detectability is given by
= (P <
where
1 If Vr 2 Vt
XD = {0 If V. < v (3.120)
r t
Pup is the probability that the MTISLR equipment is up, and
PT is the probability the target is not masked by terrain (see Paragraph
3.2.4.1.2).
3.2,5.2

Identifiabiyli_ty_. The concept of a "cookie-cutter' model is adopted in the
same manuner as in the case of the MTIFLR. PI’ the identifiability is:

{1 If PD ZPDO
P, = ‘

2
0 If PD < PDO (3.121)

where I«‘I)0 is a user-established threshold parameter for deteetability. This simply

reflects the fact that unless the det ectability probability excecds a certain vaive (1‘1)0)

no identification can reasonably be expected,

3.2.5.3 Localizability. ILocalizability is computed the same as in the case of the

MTIFLR, with the exception that the doppler shift term in the MTIFLR equation is

zero. Simply stating results (see Paragraph 3.2.4.4 for the computation),

i .
CEP = 1.178 ' (9p) (“w)

(3.122)

where %p is the rms ervor because of height uncertainties, and w is the cross range

resolution,
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3.2.6 ECM Model .

As in the case of the other seven submodels, the inputs to the ECM are of
two kinds: (1) those provided (via tape output - Paragraph 2.7.2) by the Scenario

program, and (2) those prepared by the user. These inputs are:

INPUTS FROM SCENARIO

GEOGRAPHIC
¢  Ground distance to target at abeam passage
e Aircraft speed and height above MGL
e  Slant range to the target
o Time of the look
e Target height above MGL
e  Slant range of rain traversed
e Angle from nadir to target (A/C as apex)
e A key which indicates threshold angle frem nadir to target —
if angle is less than this value, target is assumed "under"
aircraf.
] Terrain non-masking probability
WEATHER DATA

e Precipitation rate

e Kind of precipitation (none, rain, or snow)
SENSOR DATA

] Prebability ECM equipment up at time of look
TARGET/BACKGROUND DATA

° Peak transmitted power in db above 1 watt

o Transmitter antenna gain = main lobe in db

e Frequency in Mz

© Transmitter front to back ratio in db

o

3=517




® Pulses per sccond '

e  Pulse width

e Target scan period
AVIONICS DATA

® Variance of A/C position (from actual) as given by the
avionics system

] Variance of velocity as given by avionics svstems

[ Angular measurement precision relative to beam width
(typically 1/6)

SENSOR DATA
e  Number of receiving beams (usually antennas)
® Receiver bandwidth (in MHz)
¢ Receiver noise figure (in db)

e Threshold frequency (in MIlz) above which it is possible to
set an angular fix on target

¢ Table of receiver antenna gain plus line losses vs.
frequency

These inputs are used as shown in the following diagram to produce the

three outputs of (1) detectability, (2) identifiability, and (3) localizability.

User hm
from

Inpute
Scenario

/

P

ECM Submodel
of Exccutive

{—— Detectability
—— Identifiability
Localizability
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Paragraphs 3.2.6.1 and 3.2.6.2 discuss how detectability is found,
Paragraph 3.2.6.3 discusses identifiability computation, and localizability (.e.,

CEP) is discussed in Paragraph 3.2.6.4,

ECM is modeled in a unique way. First, since the inputs to this system
are continuous over a long interval, single-look modeling is inadequate. Second,
localization depends on passive ranging which, in this model, is assumed carried out
essentially in an optimal manner via the on-board computer. To meet both these
needs, the model assumes that there are precisely n independent receiver beams,
corresponding to n antennas in the receiving array, disposed symmetrically about
(but not including) the forward direction. A single possible detection event is recorded
as the target passes through the center of each of these beams. Detectability arises
from the conjunction of, in general, n/2 looks; identifiability by assumption; from de-
tection by at least 2 of the n/2 beams; and localizability by a probabilistic minimum-
variance passive range calculatioa.
3.2.6.1 Single-Look Detectability. Detectability is computed for each of the ECM
looks by first computing two values of interim single-opportunity detectabilities
Py and Pz. pyis computed using the radar transmifter main lobc radiation, while 1’2
is found by using the side lobe radiation. Both Py and Pg are necessary because the
aircraft sees the main and side lobes alternately. Py and 1’2 are then combined, along
with terrain masking and overload probabilities, to yield a single look detectability.

]P1 and P2 are computed from the receiver signal-to-noise ratios as follows:

For main lobe radiation:

(S/N), = ———— (3.123)
. @m2 R2 XN

(=]

(S/N)1 = signal-to-noise ratio for the main lobe radiation.

Py - peak transmitted pewer

G,. = transmilted gain — main lobe
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GR = receiver antenna gain plus line losses, at the appropriate band
XN = 4x10" 15« bandwidth x receiver noisé figure

R = slant range

A = wavelength

Q = precipitation attenuation (sce Paragraph 3.2.4.1.4)

(Gy;, XN are functions of fre uency by band, e.g., P, L, S, C, 8, Ka,
R q
Kp Band). For the side lobe radiation

(S/N)2= (S/I\)l/l\A
where KA = transmitter antenna front-to-back ratio (K5 > 1.0) in ratio units.

Using (S/N)1 and (S/N)z, two values of interim single-opportunity detectability Py
and Py are calculated as in Paragraph 3.2.2. 1.4,

The target main beam width A is estimated from

4

A% = 8 3. 124)
T

and the fractional main beam time from

A el
S St 3.125
o7 ‘/GGT e

except that & = 1 for a locked-on tracking radar. The expected single-opportunity

detectability for look (j) is

p) _ [@aPy + (1- a) P,] Py P, (3.120)

where 1’3 is the terrain non-shadowing probability and P; the non-overload probability

as defined in Paragraph 3.2.6.3. An assumption is made that the target passages cycle

through the receiver lobes independentiy of ta rget scan reate,
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Overload Caleulation. This patagraph defines Py, the non-overload proba-

bility used in Paragraph 3.2.6.1. In the initial implementation, the entire overload
section has been replaced by I>4 = 1 and the total Pulse Repetition Frequency (PRI) of
targets in view have been separately accumulated by ten second intervals, computing
the maximum and mean of this quantity at the end of mission. The following para-

graphs discuss how overload should be implemented once there is sufficient empirical

data.

Duty Factor Overload. Each frequency band (octave) accumulates duty factor

(DF) as a function of time for all observable targets. Let the band have frequency
ratios f;, Zfi: then if f, is the frequency discrimination of the broad-band receiver,

compute and accumulate over the time of observation for each target:

f
X = (DF) -f—”— 3. 127)
i

as a function of time and octave band. This computation does not include the present
target which is added to all appropriate ten second intervals after processing. Duty

Factor is then: ]

DI = PW(PRF) (1079 3.128) -

re 3 E . = o e -1
where PW is the pulse width in microscconds and PRI is in sec

.

.

PRF Overload. The variable Y, defined as Y - (PRF) ( Pg)(where Py is the 1

total detectability, from Paragraph 3.2.6.2) is accumulated over all bands as a func-
tion of time_ (tenth-second intervals). (Note that for this calculation the "present”

target is not added in until after Py is computed.)

The expectation of the tetal pulses per second, Z, being reccived by the FECM i
system at the time the present target is observed is: !
i
i

0 it'’Y + PRTY € Kpp
Z - o (3.129) !

_._]..)J}_Ii~- if Vv MR S 4
S PRI if Y + PRF 5 I\l‘l(l-‘

where KPRI" is the maximum PRI capability of the ECN system,
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Computation of P;. The non-overload probability, Py, is estimated as

follows:

Letyg = 1-X+ DF

except that i is constrained by: 1/

&)
IA
=
IA
—

(3.130)

then P4 =u (1 -2)

Updating of X and Y. After the ECM calculations are completed for a given

target, its duty factor (DT) and PRF are used to update X and Y in the above discussion:
at the same time the DF and PRF of those targets, which have passed out of radar

range, are subtracted from X and Y.

This is a crude but pessimistic overload calculation, justifiable if X is
small and if the radiating sources are on hilltops, keeping the terrain non-shadowing

probability high.

3.2.6.2 Multiple-Look Detectability. If there are n independent samples available
around the aircraft, n independent receiver beams are assumed whose ceouters arve

located at:

#y ° —T:'—(zj-n: j=1, ...,n 3.131)
Each passage of the target through a relative azimuth v is recorded and equation
(3.126) separately applied, yielding for each ta rget, a set of detectabilities

{l’m} J=1, .., n. If, however, the target falls within the circle defined by a
cone, with a side slope of 45 degrees directly below the aircra ft, the total detect-
ability and identifiability are taken as 1.0, and localizability (as circular crror prohi-

bility) is taken as
CEP = 1, 178H tan 45°

where H is aireraft altitude in feet above mean ground level. If the detectability and

identifiability are both 1 as a result of this fact, no further computation need be made.
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Having computed the set {PG)} for each target the probability of detect-
ability is

~T1-1m1-p®»
P;=[1 gr 1-pP )]Pup (3.132) ’
where Pup is the probability that the ECM equipment is operable. :
t
3.2.6.3 Identifiability. It has been assumed that (except for near-nadir passage, as .1

noted in Paragraph 3. 2. 6. 2) two looks are required for identification tc assure that a
triplet of noise pulses is not mistaken for a target. The conditional identifiability is

then given by simple combinatorials:

- P .
W : / ; !
: A -FI-)Z pi) 1 (1 - P(‘)) (3.133)
i d j i#]
A
- 3.2.6.4 Localizability. Except for the near-nadir passage case, localizability is
{ assumed to take the form of an optimal minimum-variance estimation procedure de-

rived in Appendices D and E. In Appendix D, equations (10), (9), (17), (16), (24), and
(25) are used in that order. From Paragraph D.4 it can be argued that the CEP is
degraded by the fact that the expected number of detections is not n/2 but Pd(n/?:), in

a proportional way. Then, to first order:

1.178n

CEP - b o R)yo X) (3.134)
ds
where
CEP = localizability
n = number of looks
= 5 )(j) 5 C .
Pds 'il 1 (eq. 3.1206)
o (R) = is.standard deviation of estimation of target offset range
o (X) = is standard deviation of estimation of target position along a line I
parallel to the aircraft flight path. ] f
The last two data are computed in Appendix D, in equations (21) and (25),
respectively,




Had it been assumed that the expected number of detection was n/2, the

quantity Py would not appear in equation (3. 134).

3.2.7 Photo-TV Model

A single model is used for all optical sensors, e.g., photographic cameras
and TV.* The main figure of merit of an optical sensor is its ability to detect targets
and produce identifiable images of these targets on either film or a CRT. Optical
sensors have a relative precision which is generally far greater than navigation errors

in the aircraft, hence, the localizability problem is effectively ignored.

Following the established pattern, inputs to the Photo-TV portion of the
Executive model are of two types: (1) data computed within Scenario and passed di-

rectly to the EXEC model, and (2) data input directly by the user.

INPUTS FROM SCENARIO

GEOMETRIC
e Aircraft height above mean ground level
e Depressien angle to target
e Slant range to target
e Slant range of haze and/or rain traversed
e Probability of not being masked by terrain
WEATHER
® Prevailing visibility in clear weather and in rain
©  Whether day or night mission
®  Probability of no undercast clouds
L; TARGET/BACKGROUND

® Reflectivities of target and background

*The model does not incorporate a visual observer,

3=64




EQUIPMENT

b

Probability that sensor equipment is operational

Resolution required for 909 probability of detection

USLER INPUTS

SENSOR DATA

Film (and scanuer) resolution

Lens resolution and focal length

Film (or display) gamma

Logarithmic scale of the film (or display)
Minimum detectable logarithmic contrast

Processing levels at which cameras function

COMMUNICATIONS DATA

Fraction of all keyed photos which are transmitted to

ground

Outputs of the Photo submodel are, as in the cuase of all sensors, deteci-

ability, identifiability, and localizability, In block form:

User Inputs

Inputs

From

Executive Model
Photo-Tv Submodel

Detectability
Identifiability } Photo-Tv

— Localizability




3.2.7.1 Target Detection. As one might expect, the computation of target detect-

ability begins with an analysis of contrast; quite simply, if the contrast between the
target and its background is not sufficient, no detection can occur. Contrast is a
function of three basic parameters: (1) optical scattering, (2) target and background
reflectivities, and (3) characteristics of the film being used. The latter two are
user inputs, scattering is found by examining the effects of haze and rain on overall
visibility,

The critical factor in detection is camera resolution. There are, of
course, two components to this resolution - tangential and radial — each may be
determined geometrically. Using these two components, an effective ground resolu-
tion may be computed. This effective resol.ution is then modified (empirically) to

account for the contrast degradation.

Detectability may then be determined by using curves which give detect-
ability as a function of the effective ground resolution relative to the resolution re-

quired for 90 percent probability of detection by an ideal observer (an input),

3.2.7.1.1 Target Contrast. The first step in the procedure is to compute the target
coatrast, assuming that the ground resolution cell is smaller than the target size.
Let Ry and “b’ be the reflectivities of the target and background, respectively. If
S is the total scattering of target or background radiation of the optical path; then,

by definition of logarithmic contrast:

(1-S) R'J‘ + 8
C=Y |18 | TS5 Ry 5 i

Where ¥ is the film or display gamma and the logarithmic contrast of the target is C.

The value of S can be estimated from the prevailing visibility, XO, as dis-
cussed below. The prevailing visibility is generally defined as the distance corre-
sponding to a reduction in contrast of a dark target against a light background to 60

percent. This corresponds approximately to S 5/8 - 0, 625.
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Then, generally,

e—KX/XO

S=1- ’ (3.136)

and substituting,

0.625 = 1 - ¢ KX/X,

where X, is the prevailing visibility in nautical miles (NM). Since visibility is usually
given in statute miles (SM), and X, the slant range through haze is given in NM, the

constant, K, becomes 1.13 yielding:

>

X
s~_—1-e(‘1']3Y0') (3.137)

The distance X used in the computation of scattering is not necessarily the
total ray path distance because of the variation of visual scattering with altitude. Not
knowing (and not being willing to predict) this variation, a constant scattering is as-

sumed from ground level up to the prevalent haze level,
Let:

8 - the depression angle to the target

Hh = the haze level prevalent in the area of study (above mean sca
level)

Ilt = the target altitude above mean sea level (MSL)

Ila = the aircraft altitude above MSI.

e ity Mot ifH, 2 n,
(Sin@) (6080) ;

X
B -N

i - N <
(Sing@) (60s0) if ”a "

h




The above scattering equation does not take into account scattering due to

precipitation, therefore, the Scattering equation is amended as follows:

(-1.13(7\?\;+-‘;,'— ))
L =& a

S - 0 (3.138
and
S' = width of precipitation traversed
R = the fractional ground area upon which precipitation is falling
S' Hh - Ht
X' =<MIN —LW ’ Sind . R (3.139)

X(') = the prevailing visibility in precipitation.

Xo = the prevailing visibility in haze.
The variahle X' reflects the fact that precipitation can occur only below Hy .

The final value of S given by equation (3. 138) is used in the contrast egua~
tion.

A simple test is now made: If the contrast, C, is less than the minimum

contrast for detection, Co (an input to the program) then no detection is possible, *

3.2.7.1.2 Local Mumination. If local illumination is employed for the photosensor

rather than ambient illumination, the following procedure is used: assume that the
film or display is correctly exposed at maximum density for the nearest point of {he
picture, i.e., the nadir point llr" (AGL). Then if D is the total logarithmie scale of

the film or display and R is the target slant range in nautical miles

H!

D/2 )
Rmax = (Ggsg ) 00 Syusiy
“In praclice, C,isa function of the characterici - e film and the recantis-
sance observer aund has been determin e o x)x rimentally. Referer . ), BETARS

Report,

et S

g /oy
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Then if,

>
R2R max

no detection (or, consequently, identification) is possible, *

3.2.7.1.3 Calculation of Resolution. From a calculation of the system angular reso-

lution, the ground resolution is approximated by the root mean square (rms) of the
radial and tangential ground projection resolutions. The ground resolution is then

corrected to account for the degradation effects due to low contrast.

The angular resolution of the system is given by geometry as

1/2
P ( ) n (_W) (3.141)
L, L2
25.4F
where

Ly when film is being used
IJO ~ ' )

Ly when considering the scauner or display

and 1,1 is the film resolution in lines/millimeter, L'l is the scanner or display reso-
lution in line pairs per millimeter, and L, is the effcctive lens resolution in lines per

millimeter. The radial ground resolution is:

p i,

(3.142)
X (6080) (Sind)

where R is the slant range in nautical miles and 8 is the depression angle. The
tangential ground resolution is simply

p v = (Rp) (6080 (3. 145

then the effective ground resolution is the rims:

: .
1+sin”@
-). il

6080 Ip '—‘.’--Qin" 0 3. 1.44)

* Day and night correspond respectively to ambient and local illuminatiosn,
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This data must now be corrected for contrast degiadation, from curve-fits by the

authors to actual reconnaissance film data (12).
p = ——— (3.145)
e

where C is the contrast and is given by equation (3. 135).
v . % ¥ &
Note, however, that in practice p is constrained by
pP'= 3p! (3. 146)

3.2.7.1.4 Detectability. From curve-fits, taken by the authors on certain reconnais-
sance data (12) the detectability PD of the target on a given frame
is now computed as
D) A D]
0.1 (5"/ p.)
P B . B & R 3.147
T up NC { L
Where Py is the ground resolution required for 907 probability of detection by an
ideal observer, P is the non-shadowing probability of the terrain, pup is the proba-
bility that the equipment is opcerative, and Py~ is the probability that the line of sight

is not obscured by undercast clouds. The variable p' is given by equation (3.145).

The above expression (3. 117) is computed once per target and once per
frame. However, in general, there are several frames associated with a given target.
Therefore, it is necessary to accumulate the independent detectabilities for each
frame. Let PD ; be the detectability on frame:. Let P be the
keying probabi iity for the _iﬂ‘ frame and let ].‘D(” be the detect-

ability at Level L.
Then, at Level 1

pptt) (3. 119)

Level 2 allows both keying and transmission of data in that the detectability

is given by

> (":) [ - ' - P > ki ] '] a «
P L ~grfl ~ Py Py ) 1”P (3. 119)

where Pyj is the probability of detecting the target on frame j and T is the fraction of

all keyved frames that are transmitted to the ground station,




Level 3 allows keying but no transmission, therefore:

& .
pp®) 2[1 _717_(1 - By pkj)] Pup (3.150)

At Level 4 there is neither keying nor transmission of data and detectability

is:

PD(4) :[1 _-,JT(]_ - de)] Pup < (3.151)

3.2.7.2 [Identifiability. Based on the assumption that one needs five times the detec- '3

tion resolution for identiﬁcation:(lz)

2
=2 & 5" %
P - ~2:50 /pT~)

Ij (3. 152)
where PIj is the identifiability of the target on frame j,
Letting PI(L) be the identifiability probability for Tevel 1.:
p,M -0 3.153)
PI(2) = 4= - by P ) (3.154)
over all j containing the target
3y ¢
K =1-TTa- 1>lj ij) (3.155)
over all j containing the target
pl("" = L~ {- Py (3.156)

over all j containing the target

where, as before, T is the fraction of all keyed frames transmitted; I’ki is the

probability that frame number j is keyed.

e -
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3.2.7.3 Localizability. Since navigation errors dominate any optical sensor errors,
the relative CEP is taken as equal to 0. Admittedly, geodetic techniques can be used
(and indeed, the geodetic reconstruction probability is estimated in the program), in
which case the sensor errors are not insignificant, However, this feature was not
analyzed. For program stability purposes, a low value of CEP (50 ft. or 100 ft.

depending on the sensor type) has been arbitrarily assigned to each of the optical
sensors.

3.2.8 Forward Looking Infrared Sensor (FLIR)

It is necessary to digress for a moment and discuss the modeling technique
of the I'LIR sensor in the Scenario Model. The reader will recall that FLIR is as-
sumed to always have three "looks' at each target; the first two assume that the sensor
is slewed while the third assumes the sensor is not slewed. lowever, it shall be
pointed out that if FLIR sees the target in the non-slewed mode, it may also see the

target in the slewed mode.

For each of the three looks and for cach of the four processing levels, the
FLIR model computes detectability, identifiability, and CEP using the same cguations

2s the IR sensor (Paragraph 3.2, 2).

Inputs to the FLIR submodel of the Executive Program are identical to those
of the IR (see Paragraph 3.2.2), both user determined inputs and those supplied hy the
Scenario Model. The outputs differ only in that FLIR integrates the performance over

three looks, whereas the IR only computes performance on a single look basis.

3.2.8.1 Detectability. T.et ’I’PDii be the probability of detection for look i at process-
ing level j. 'l‘}‘l)“ is computed using the IR equation of Paragraph 3.2.2, The index
i varies from 1 to 3. The overall conditional detection probability for FLIR at process-

ing level j is given by:

I’l)(‘j = l.O-(].O—'l'I’I)3i)(l.O— PS \'”)“"i“ {1.0-PS ('Y}‘l)”)y (3.157)

where PS is the probability that the sensor is slewed. The total detectability is given by:

Dy = PDC; Py K 3.158
PDj - PDC; P K 3. 158)
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where
PT is the probability that the target was not blocked by terrain;

K[ is the probability that the FLIR sensor operates in level j ( 1 or 0).

PS remains to be computed.

Slewing can occur in one of two ways: the target can be preplanned, or
the target can be sensed by a different sensor which, in turn, directs the FLIR to
point towards the target. In the preplanned mode, the system receives coordinates
of known or suspected targets at the time of mission initiation. For the sccond mode
the sensors must be considered which may reasonably be expected to pick up a target
in time to direct the FLIR toward the target. The target must be sensed while still
in front of the aircraft since FLIR looks only in a forward direction, aund the target
sensing must be in real time, i.e., level 1 processing. Only the ECM and MTIFLR
sensors can meet these criteria; each can detect targets in front of the airceraft and
each operates in Level 1. The only other sensors which "see" in a forward direction
are the cameras, but they do not function in Level 1. Therefore, PS, the probability

of slewing, can be taken as:

PS=1.0- PP (1l - PD Yy (1 - PD ) @B. 1569
X5 1 ¥, 1

where

rp is equal to 0 if the target is preplanned and 1 if it i€ not:

PDy 1 is the probabhility of detecting the target in Level 1 for the ECM

sensor;
P 1 is the probability of detecting the target in Level 1 for the
Y+ O MTIFLR sensor.
3.2.8.2 Identifiabilitv. Let TPL . be the conditional identifiability of the target on
look k at level j. i Pl . is computed u the IR equations in Paragraph 3.2.2. Then
M

plj, the system conditional identifiability .18 given by

Pl, 1.0 - (1.0 l‘.\liHl (1,0 P8 (TPI, ‘u (1.9 = TPl, i) (3.160)
| =3 2, Oy
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3.2.8.3 Localizability. If the FLIR sensor is slewed, looks 1 and 2 are valid

(look 3 may or may not be valid); when FLIR is unslewed, only look 3 is valid.
Counsider each case.

For each processing level j, if slewing occurs, the error in localization
is taken to be:

CEP, = MIX ['rcmvm; 'rmzpl,j]

(3.161)

where

CEPj = CEP of FLIR at Level j

TCEPi, 3= CEP given by look i at Level j *

Choosing the minimum of the two CEP's was felt to be as realistic as at-
tempting to combine them by some averaging technique.

In the unslewed case:

C l')l’j = TC I'I}"-;, i (3.162)

3.3 DATA COMBINING MODEL

This model operates separately for each target and simultaneously for all
sensors. It presupposes all sensor calculations complete for the target being con-
sidered.

Some of the calculations shown below are redundant with those in the sensor

model sections; however, in the implementation they are not repeated.

The variables that are used in this paragraph are defined below: *#

l‘l)(‘ij Conditional detectability for sensor i level j.
I’NSI. Probability that sensor i is not shadowed by terrain,
PCC, Probability that sensor i is not obstructed by weather,

This probability is 1,0 if the sensor is a non-visual sensor.

F 1 H 1 3 aaranh
* Note that TCEP; j is computed for cach i and j using the 1R cquations of Paragraph
Y ¥ & ;
LR )
A4 The difference between conditional and total probabilities are discussed at length in
Paragraph 3.2.




K..
1)

PUP. =

"

CEP,.
1)

Equals 1 if ith sensor operates at the jth processing level.
If the sensor does not operate at level j, kij = 0.
The probability that the sensor i equipment is up.

PNS; PCC, PUP; PDC;. Kij (the total detectability provided
by sensor i levci j).

Conditional identifiability given by sensor i level j.
Alerting probability (see Paragraph 3.3.1).

CEP given by seunsor i level j (in feet).

The outputs are as follow (again for each target), where the subscript j

refers to the level, i.e., j=1, 2, 3, or4.*

3.3.

Let:

1

Conditional detectability of the target over all sensors.
Total detectability of the target over all sensors.
Conditional identifiability of the target over all sensors.
Total identifiahility of the target over all sensors.
Probability of successful geodetic localization at jevel 4

Relative localizability; i.e., assuming A/C coordinates are
known

Total localizability; i.e., the uncertainity of A/C coordinates
are taken into account

Alerting Probability

1)1 = the Level 1 IR detectability

Dy

= the MTISLR detectability at Level 1

1)3 = the MTIFLR detectability at Level 1

* PD with a single subscript refers to the conditional detectability over all sensors:
with two subscripts, it pertains to a given sensor; Pl is analogous,
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4 the ECM detectability at Level 1

1l

D5 1 if the target was preplanned, 0 if not.

Then the overall alerting probability for a given target is

. B
P =1 -g‘lz‘l (1 - Dy) (3.163)

This formula states that a target is keyed if any of the four sensors (IR, MTISLR,
MTIFLR, or ECM) see the target and/or if the target was preplanned. The keying
probability is just the conjoined probabilities that the target was seen by the relevant

sensors or was preplanned.

3.3.2 Integrated Detectability

The conditional detectability for level j, Pl)j is given by
i

PD; =1 ST - pDij) (3.164)

Whereas the total detectability, PDTj, is

i
PDT; = 1-7T (1 - PD;), (3.165)

A word of explanation is in order. By conditional detectability (.e., PDCU) is meant

the probability that sensor i sees the target (in Level j) given that:

(1) The sensor operates in Level j with certainty (i.e., with proba-
bility of 1.0).

(2) The target is not obscured by weather with probability 1.0,
(3) The target is not masked by terrain with probability 1.0,

{(4) The sensor is in an "up” or operable condition with probability
1.0.

On the other hand, total detectability (i.e., PI)U.) does not constrain these factors to
be one; that is, the conditional detectability is multiplied by the non-masking proba-
bility, the non-weather obscured probability, the probabiiity that the €ensor is up,

and the probability that the sensor has an output at the level being considered.
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3.3.3  Identifiability

Conditional identifiability is analogous to conditional detectability insofar
as it assumes that the target is not masked by terrain, obscured by weather, and that

the equipment is up and gives an output at the level being considered. This conditional
identifiability is

i
Pl = 1-p k- PLy) (3.166)

The total identifiability is

i
= - - (P D.. 167
PITj = 1-T7 (1 - (PLy) (PDyy)) 3.167)

3.3.4 Localizability

Estimating the CEP of integrated data is highiv dependent upon the precise
operational method employed for resolving target positions among several sets of
data. One is forced to assume that this will be done in an optimal way; hence, the
minimum-variance optimization criterion was used throughout this analysis. In the
following discussion, two cases are treated: (1) where in the absence of knowledae
of the a priori probabilities associated with individual sensor detectabilitics they are
assumed equiprobable, and (2) where the computed detectabilitics wiil be cmploved to
compute the minimum-variance CEP. In both cases it is assumed that the algorithim
| for operational data combining takes into account the a priori sensor CEP's, and that

the resulting combined data CEP's reflect this weighted processing.

i
' Though method (2) was actually employed in the nrogram, a discussion of
. . .

method (1) will provide some necessary groundwork.
i 3.3.4.1 FEquiprobable Detections. Operationally, it is assumed that the position

data relative to aireraft position are averaged subject to a weighting which minimizes
the CEP.  Assuming the problem to be symmetric on the x and y axes, a pessimistic

estimate (i.e., worst casc estimate) of the localizability can be made.

In actuality, the on=board computer will dynamically ¢stimate x and v
separately for each source of position data, and combine the s and v estimates
separately, independently weighted — thereby vielding relative position estimates

better than our analysis predicts,




Once relative position is determined, farget position by time is obtained by

combining with navigational data.

In Level 4, however, if photos are available, it is possible via geodetic
rectification to further reduce target errors by mapping in relation to a geodetic con-
trol point. For all intent and purposes this error can be set to zero relative to map
accuracies, which themselves are fixed relative to system design. This possibility

will be indicated by a probability output, Pgy, which is simply estimated by

g
Poy = 1-T7(A-PD_,) (3.168)

g4

where the index g ranges over the non-panoraniic cameras.

vor other cases, assumptions are: circular symmetry, independence,  and

small deviations. A linear unbiased estimator function is used for x and y:
=
Yy = Kij Yij subject toZ, Kij = 1 for normalization (3.169)
i

A
and similarly for Xj:

A
S g R 3.170
\] _l_, I\lJ \lJ (3.170)

The Kij for which the estimator is minimum variance and maximum liklihood is

1
K, = : . 3.171)
Y CcEPZ. 2 (CEPTY
1 1)

(by the formulae in Appendix E).

Now

) = -1
CEP”, [2 (CEP.7)] (3.172)
() i 1]

5 =32
CEP [ ? (CEPL))

which is correct unless some ('H’l.i 0.

=




Note, however, that if any C.FTPij = 0 then, letting a bar over a quantity be
the expected value of that quantity:

CE)G) = 0. (3.173)

The above CEPU) values are relative to the aircraft, and should be reported
as such. In addition, for each j,

CEPT ;, = /CEP20-) + NAV CEP? (3.174)
Where NAVCEP? is the squared CEP of the navigational system.

3.3.4.2 Combining Non-Equiprobable Detections. In "real life" the data from each

sensor are assumed combined not knowing the "true" detectabilities. The precise
estimation of the resulting target localizability was a horrendous calculation, so a

recursive approximation was devised.

Let CEP; be the CEP given by the ith sensor. With each CEPj is associated
a pj, the detectability of the ith sensort. There are N such pairs of numbers, where

N is the number of sensors. TFurther, let fj - ((‘EPi)‘?.

The pracedure involves an iteration on i, the index of the sensorsi=1,...,N.

In general, let

U=1-pjy
Q; 7!7' qj
i=1
wpre =

Then Py is the net detectability of the tarset, Lot ]‘i be the estimate of integrated

(CICI’)?‘ at the ith iteration. Clearly Iy - f, )’l Py IFocus now on the (i ¢ Hth

iteration, cases are shown:
Did one of the first i sensors see the target? }
Yes B No
Did the ( + DSt sensor Yes Case 1, 1 Case 0, 1

sce the target?

Case 1, 0 Case 0, 0 J

*Pairs of data for which the CEP; has been computed as "infinite" are not used, I

| |

may, how ver, b u‘(i";;, to zero without adversely allecting the aleorithms.,




Case 1, 0: Prob (case 1,0) = Pj gj, 1

Fi.1= Fj : (3.175)
Case 1, 1: Prob (case 1,1) = Pj pj;1

Fi+1= [F{I + f7] ] ~1 (3.176)
Case 0, 1: Prob (case 0,1) = Q; P+l

Fir1= 14 3. 177)

Case 0, 0: Prob (case 0,0) = Qj qgj+1
Fj+1 meaningless (3.178)
(Note: programmatically F£+1 is set to a very large number)
Thus, since the four cases are exhaustive and exclusive:

Pit1=Piv1+ Pi-Pi+1 Py (3.179)

Pir1 Fj
Fi 1= [pm @ - Py + Py Fif1~ ——= ) ] (3.180)

Pi+1 ir1 i )
The iteration is carried out for i=1,...,(N-1), This approximation is best
when the table of pj, fj is sorted in order of decreasing p;/fj with any unfilled array

elements at the end. Then

CEP= [ Fy ' (3. 181)

3.4 ORGANIZATION OF THE COMPUTER MODEL

Figure 3-6 shows the structure and interrelationships of the programs which
implement the Executive Model. There are four logical groupings in the diagram:
(1). The main program.
(2). Housekeeping subroutines called upou by the main program.
(3). Semnsor subroutines called upon by the main program.

(4). Utility subroutines used by the sensor subroutines.

The main program, called EXEC, serves as an event regulator, as well as

handling all input. Each time an event (i.e., a target sighting by a particular sensor)
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occurs, the EXFEC program calls upon the relevant sensor subroutine. Whenever a
given target has been considered for all sensors which saw it, the EXEC program calls
upon the housekeeping functions which, in turn, prepare output pertaining to that tar-
get. The following paragraphs contain brief discussions of the three groups of

subroutines,

3.4.1 Sensor Subroutines

Each sensor subroutine computes detectability, identifiability, and localiza-
bility (CEP) for its respective sensor. The methodology for computing these statis-

tics formed the basis for Paragraph 3.2 of this report and will not be repeated here,

3.4.2 Utility Subroutines

Utility subroutines were written to he used with repetitious computations.

Brief descriptions of these subroutines are given in the following paragraphs,

3.4.2.1 DPLANCK, As shown in Figure 3-6, this subroutine is called by the IR sensor
subroutine. Its purpose is to compute radiated power intensity in watts-per-square-
meter as a function of band limits, temperature, and emissivity, In summary, this

subroutine computes equation (3.23) in Paragraph 3.2.2,

3.4.2.2 PDET. As shown in Figure 3-6, subroutine PDET is called by the IR,
MTISLR, MTIFLR, ECM, and FLIR subroutines. The function of this subroutine is to
compute the probability of detection for cach of these sensors. This detection proba-
bility is a function of the signal-to-noise ratio and assumes a false alarm rate of 10-8

per bit,

3.4.2.3 PCFLIR, The FLIR subroutine calls PCFLIR. It is identical to PLANCK in
that it computes radiated power intensity in watts-per-square-meter as a function of

band limits, temperature, and emissivity.

3.4,3 Housekeeping Subroutines

3.4.3.1 Zero., This subroutine is called by the EXEC program whenever a new tar-
get is about to be analyzed, It initializes all arrays which pertain to sensor-target

combinations:
Set to zero

PDC () the conditional deteetability of the current target,
sensor |
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Set to zero (Contd. )

PD(]) the total conditional detectability of the current
target, sensor [

PI(I) the conditional identifiability of the current target,
sensor I

PRI(T) the terrain shadowing probability for the cur-
rent target, sensor I

PR2(]) the probability that sensor I is up

PR3 (1) the probability that the current target is not
blocked by clouds, sensor I

Set to 9999
CEP(]) the CEP for the current target as given by

sensor I

3.4.3.2 Key. Subroutine KEY computes the keying probability for the Fhoto Model.
If the target is preplanned, the keying probability is taken as 1.0.* If the target is not
preplanned, the keying probability is a function of the total detectabilitics and CEP's
given by the IR, MTISLR, MTIFLR, and ECM sensor models (see Paragraph 3.3.1).
The KEY subroutine is called by the EXEC once for cach target-pass combination just

before the first call to the Photo model for that target on that pass.

3.4.3.3 Output. As the name suggests, this subroutine handles the output function of

p—
- .

the Executive program. Within a given pass, after each target has been considered,
OUTPUT is called by the EXEC which then sets up the output. Some computations per-

taining to the FLIR sensor are done within the OUTPUT subroutine, namely:

(1). Computing the slewing probability for the FLIR sensor,

(2). Computing the final detectability, localizability, and iden~
tifiability of the FLIR sensor.

The computations are made by the OUTPUT routine because FLIR computes detectabil-
ities, identifiabilities, and CEP's for each of three looks (see Paragraph 2.3.2) during
a time in which it cannot be determined if slewing occurs. This determination can

only be made after all sensors are considered for the target, and OUTPUT is the lopical

~

*The probability of not flying past a preplanned target is not considered. This is proper
because modern navigation systems have errors generally smaller than typical ficld:
of view of reconnaissance sensors.
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place for this to be done. In short, equations (3.157), (3.160), and (3.161) in Para-

graph 3.2.8 are computed within OUT PUT.

Part of the output for each target is the capabilities of the overall reconnais-
sance system vis-a-vis the target, e.g., how well the system as a whole detected,
identified, and localized the target. The OUTPUT subroutine computes these statistics

by calling in the Combine subroutine.

3.4.3.4 Combine, This subroutine implements the data-combining algorithm given
in Paragraph 3.3. Using this algorithm, this subroutine computes, for each target
within a given pass, the detectability, identifiability, and localizability of the overall

reconnaissance system vis-a-vis that target,

3.5 INPUTS TO THE EXECUTIVE PROGRAM

The input to the Executive Program consists of a tape and a deck of cards.
The input tape is produced by the Scenario program; the card deck, which defines the

parameters for each sensor, is prepared by the user.
3. 5. 1 Tape Input

The tape produced by the Scenario program (Output Tape 1) is not modified
before being used as input to the Executive Program. Hence, the reader is referred

-,

to Paragraph 2.7, 2 for a discussion of the data stored on this tape.

<

.9,2 Card Input

Table 3-1 gives the form of the input deck by card number, variable name,
variable definition, and format. There are 28 cards in the input deck, and each

card(s) pertains to a specific sensor as follows:

Cards Sensor
1, 2, and 3 IR
4, 5, and 6 SLR
7, 8, and 9 MTISLR
10, 11, and 12 MTIFLR
13, 14, and 15 ECM
16 to 24 Photo-TV
26 to 27 FLIR
28 Control card for hard copy output

)
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TABLE 3-1.

INPUT TO EXECUTIVE MODEL

-85

el VARIABLE DEFINITION FORMA J
RES(1) Angular resolution for Band 1 of the
IR in radians
RES(2) Angular resoluiion for Band 2 of the
IR in radians
ALAM22(1) Highest wavelength of Band 1 of the
IR in microns
1 ALAM22(2) Highest wavelength of Band 2 of the 8F10. 5
IR in microns
ALAM21(1) Lowest wavelength of Band 1 of the
IR in microns
ALAM21(2) Lowest wavelength of Band 2 of the
IR in microns
DTEMP(1) Thermal resolution of Band 1 of the
IR in degrces Kelvin
DTEMP(2) Thermal resolution of Band 2 of the
IR in degrees Kelvin
SIGTHI (1) Variance in angle measurement of
Band 1 of the IR
SIGTHI1(2) Variance in angle measurement of
2 Band 2 of the IR 4F10.5
GAMMA?2 IR system film gamma
Ccg2 Minimum detectahle logarithmic
contrast for the IR scnsor
- . 1
IFALS2 Probability of false alarm co-
efficient. This is -Logq( of the
noise inducced false alarm rate
per unit detection time, It should
be between 5 and 12, ** 6I5
3 ILEVEL(J, L)* This variable gives the levels of
1-1,4 processing desired (1 if desired,
0 if not), For those levels of
interest, a probabiiity of tarcet
detection at that level is computed,
JIR If JIR=1, a diagnostic printout will
be generated in the IR subroutine.
If JIR#L, no printout is generated.
. RN L S Ay B U S SN b (S O T SRS EORNT | [N LR




TABLE 3-1. INPUT TO EXECUTIVE MODEL (Contd. )

Sxahd

CARD .
NUMBER VARIABLE DEFINITION FORMAT |
HLITS Range resolution in nautical i
miles. |
AJ Cross range resolution in nautical
miles.
PHEMIS Depression angle in radians. ]
4 ALAMDS Radar wavelength in centimeters. 8F10.5 ;
GAMMAS System gamma, including film
gamma.
Ccgs Minimum detectable logarithmic
contrast.
ALLS Film resolution in lines/millimeter.
AL1PS Display resolution in line pairs.
D1 Width of filin in meters.
RMAX Maximum slant range covered by
film in meters.
RMIN Minimum slant range covered by 5F10.5
film in meters.
5 R1P Width of range displaved in the
display in meters.
SIGTSS o~ (0)in radians® |
(0 is the perceived azimuth q’
y angle. ) Y L3 \ i
ILEVEL (J, L)*, | ILEVEL (J, L) is 1 if PD appears 515 i
1~1,4 in Level L; it equals @ if :
6 otherwise., Levels 1 to 4.

JSLR

If JSLR-=1, a diagnostic printout
will be generated in the SLR
subroutine., If JSLR =1, no
printout will be generated.

s - o
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TABLE 3-1. INPUT TO EXECUTIVE MODEL (Contd. )

NI(J;IQII:II?R VARIABLE DEFINITION FORMAT
DX Forward resolution in meters.
DR Slant range resolution in meters.
PRT4 Depression angle in radians.
ALAMD¢ Radar wavelength in cm . 8F10.5
SC@4 Signal -to —clutter for standard
target under standard conditions
in db.
SN@4 Signal-to-noise for standard
7 target under standard conditions
in db.
SIG@4 Size of standard target in square
" meters
Hp4 Difference in altitude between A/C
and target under standard con-
__ditions in feet. R ¥
Rp4 Reflectivity, backscatter co-
efficient of standard background.
RANGH! Slant range of standard backeround.
VRMIN{ Threshold veloceity above which
8 target is detectahle in knots, 9F10.5
SIGTSH o 2(0)(radians2) (Bis the per-
ceived azimuth angle, )
PDCY Threshold detectability probability
below which target is
unidentifiable.
IFALSA Probability of false alarm co-
efficient. This is -Logj g of
the noise induced false alarm
rate per unit detection time, **
9 The levels in which PD (output 615

ILEVEL(J. L)*,
11,4

JMSLR

variable) appears; 1 if it appears.
0 if not. Levels are I=1, 1=2
I~3, and 1L~=4.

If JMSLR = 1, a diagnostic print-
out will be generated in the
MTISLR subroutine, If JMSLR ¥
1, no printout is provided,




TABLE 3-1, INPUT TO EY ECUTIVE MODEL (Contd. )

3-88

NI(J:I‘G?}IE)IH VARIABLE DEFINITION FORMAT
VRMIN Threshold velocity above which
target is detectable in knots.
Scd Signal-to-clutter for standard
target under standard conditions
(db).
R# Reflectivity, backscatter coefflicient
for standard background.
10 SIGMA{ Size of standard target in meters, 8F10.5
RANGES Slant range of standard target in
NM.
SNg Signal-to-Noise for standard
target under standard conditions
(db).
g Difference in altitude between A/C
and target under standard condi-
tions (ft.)
SIGT Standard deviation of @, the per-
ceived azimuth angle (radians).
HLIT Size of the (rectangular) resolution
scale in NDM.
PHEMIN Depression angle in radians.
11 ALAMDA Radar wavelength in centimcters. 4¥10.5
PDC5 Threshold detectability probability
below which target cannot be
identifiec. '
IFALSE -Logj g of the noise induced false
alarm rate per unit detection time
(must be between 5 and 12). **
ILEVEL(J, L)*, For Level L (I~1,2,3,4), the
12 L=1,4 value is 1 if the level is to be 615
considered and f otherwise.
JMFLR If IMFLR=1, a diagnostic printout
will be generated within the
MTIFLR subroutine. If JMFLR
# 1, no printout will be gencrated.

e ]




TABLE 3-1. INPUT TO EXECUTIVE MODEL (Contd. )

CARD

D Y J
NUMBER VARIABLE DEFINITION FORMAT
A Measurement of the angular meas-
urement precision (sigma) relative
to beam width (typically 1/6).
SIGTS Variance of the aircraft position
(from the actual) as given by the
aireraft avionic systems.
13 SIGVS Variance of (irue) velocity as given
by the avicnic systems in knots
squared. 6F10.5
FREQ1 Threshold frequency in megahertz,
above which it is possible to get
an angular fix on the target.
ANF Receiver noisc figure in db
BAND Receiver bandwidth in megahertz. ,
‘i
NBEAM Number of beams.
ITABM The number of entries in the table
14 (i. e., the number of type 15 cards|) 715
ILEVEL (J, L), ¥ | The levels of processing for which
1=1,4 a probability of detection should
be computed i=yes, 0-no.
JECM If JECHM=1, a diagncstic printout
will be generated in the ECM
subroutines. If JECM#1, no
printouts will be provided. ]
15 XTAB The frequency associated with
(There "YTAB'" in megahertz.
are YTAB This is the receiver antenna gain
"ITABM" plus line losses experienced at 2F10.5
of these frequency "XTAB'". Units are in
cards) db,
16 1 (1) Q) is the fraction of keved photos
Ql2) which are transmitted (o the
. ground station by sensor number 8F10.5
. G
Q%)
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TABLE 3-1. INPUT TO EXECUTIVE MODEL (Contd. )
CARD L . . Lo
NUMBER VARIABLE DEFINITION FORMAT
17 ALIP(1) ALIP(I) is the display (or scanner)
ALIP(2) resolution for sensor I+ 6. The
. units are display line pairs per 8F10.5
millimeter
| ALIP(8)
18 AL1(1) ALIQD) is the {ilm resolution,
AL1(2) in optical lines per millimeter 8F10. 5
. for sensor I + 6,
AL1(8)
19 AL2(1) ATL2(J) is the lens resolution,
AL2(2) in optical lines per millimeter 8¥10.5
: for sensor I + 6.
AT.2(8)
20 (1) F(I) is the lens focal length (in
F(2) inches) for sensor I+ 6 8F10.5
F(5)
21 D(1) D(I) is the logarithmic scale of
D(2) film (or of the display if TV) of 8F10. 5
. sensor I + 6
D(8)
22 CH(1) C#H(l) is the minimum detectable
C(2) logarithmic contrast. It is cqual 8110.5
. to log; o (Minimum target to back-
. grounhq)righmos.\ ratio detectable)
. for sensor 1+ 6
CO(s) | e NG T
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TABLE 3-1. INPUT TO EXECUTIVE MODEL (Contd. )
o VARIABLE DEFINITION FORMAT
23 GAMMA(1) GAMMA (1) is the film (or display
GAMMA(2) if TV) GAMMA for sensor [ + 6 8F10.5
GAMMA (8)
24 ILEVEL(J, 1)* ILEVEL(J,L) is equal to 1 if detec-
ILEVEL(J, 2) tion is possible at Level 1. If 33(12)
ILEVEL(J. 3) this is not the case, ILEVEL(J, L) i :
ILEVEL(J, 4) = 0. The first four ILEVEL values
ILEVEL(J, 1) ©are for camera #1, the next four for
. camera #2,..the last four for
. camera i#8,
| ILEVEL(J, 4)
ILEVEL(J, 1)
ILEVEL(J. 4) If JPHOTO=1, a diagnostic printout
i JPHOTO is generated within the photo sub-
, routine. Ii JPIIOTO #1, there will
| be no printout. _J
i 25 ANGRES(1) Angular resolution for Band 1 of the
§ FLIR in radians
: ANGRES(2) Angular resolution for Band 2 of the ;
{ FLIR in radians
P HLAMDA(1) Highest wavelength of Band 1 of the ‘
3 FLIR in microns i q
| HLAMDA (2) Highest wavelenath of Band 2 of the i
FLIR in microns I}
BLAMDA(1) Lowest wavelength of Band 1 of the 8T10. 5 I
FLIR in microns .i
i BLAMDA(2) Lowest wavelength of Band 2 of the :
FLIR in microns ‘1
TEMRES(1) Thermal resolution of Rand 1 of the ']
FLIR in degrees Kelvin |
TEMRES(2) Thermal resolution of Band 2 of the |
FLIR in degrees Kelvin | 'J
RS il i b e ittt A A S A P e BRI s i e a———
;
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TABLE 3-1. INPUT TO EXECUTIVE MODEL (Contd. )

o VARIABLE DEFINITION FORMAT
26 ANGVAR(1) Variance in angle measurement of
Band 1 of the FLIR in radians2.
ANGVAR(2) Variarnce in angle measurement of
Band 2 of the FLIR in radians2, 4F10.5
SYSGAM IR system film gamma.
MDLC Minimum detectable logarithmic
contrast for the FLIR sensor.
27 IFAL1S Probability of false alarm co-
efficient. This is -Log; of the ,
noise induced false alarm rate per
unit detection time. It should be
between 5 and 12, ** 615
ILEVEL(J, L)* This variable gives the levels of
I=1to 4 processing desired (1 if desired,
0 if not). For those levels of
interest, a probability of target
detection at that level is computed.
JFLIR If JFLIR=1, a diagnostic printout
will be generated within the FLIR
subroutine. If JFLIR # 1, there
will be no printcut.
s \
28 JEXC1 If JEXC1 = 1, a hard copy of EXEC !
is prepared, If JEXC1 # 1, no *
hard copy. 215
JEXC2 If JEXC2 = 1, the phrase "official
use only" will be printed on each
sheet of the hard copy output. If
JEXC2 # 1, no official phrase is
printed.
*For the variable ILEVEL(J, L) the index J is a code number for the sensor l
number — these code numbers are given in Appendix I (Vol II) of this report. i3

*+The quantity is computed as e Log‘m<—}7~>, where B is the system bandwidth

which is equivalent tothe product of display frequency and the number of dis-
tinguishable spots on the screen, n is the number of consecutive false alarm
spots constituting a false alarm, F is the acceptable false alarin rate measured
in false alarms per second.

3.6 EXECUTIVE PROGRAM OUTPUT,

The Executive program prepares two output tapes: Output Tape 1 describes,

on a pass-target basis, the detectability, identifiability, and localizability statistics




for each of the sensors. This tape serves as input to the Evaluation Model discussed
in Section IV. The secord tape (OQutput Tape 2) contains information computed within

the Exccutive program which is used by the PI-Q model discussed in Section V.

In addition, if the user so desires, & hard copy of the information recorded

on Output Tape 1 is prepared.

3.6.1 Output Tape 1

This tape, also called the Target/Sensor Output Tape, is written in binary
form and is organized on a pass basis. Within each puss, each target is considered
in order (up to a maximum of 200 targets) and a group of 20 records for each target

generated.
The 20 records for each target can be logicaliy divided inte three groups:

) Group 1 consists of the first 15 records. Record 1 contains
general header information, true target data (e.g., actual
time of beam passage), and various system parameters (e.g.,
navigational or speed errors), This information is in reality
the statistics provided by the Dummy Sensor. The remaining
14 records contain, for cach of the four levels of processing,
statistics on the 14 other sensors — orderced by sensor num-
ber*. These statistics include detectability, identifiability,
and localizability as well as terrain shadowing probability for
the sensor aud target being considered.

] Group 2 contains, in logical records 16 through 19, the com-
Bined data from all sensors on each level of processing for
the given target. This data describes, for the overall systein
of sensors, how effectively the target was detected, identified,
and localizcd.

] Group 3 cousisting of record 20, contains the geodetic
probability and localizebility for the target.

©

Table 3-2 defines these records in greater detail. Figure 3-7 shows the

logical grouping of records on the tapo.

After the last pass, target, and sensor have been analvzed, an end-of-file

record, which does not contain dsta, is placed at the end of the tape.

+See Appendix 1, for the number associated with cach sepsor. Appendix 1 is contained
in Volume 111,
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TABLE 3-2.

RECORDS ON OUTPUT TAPE 1

Group 1
Record 1
Word Number Name Definition
1-20 IALPHA(J) Header information, obtained from
J=1,20 Scenario tape

21 ITARG Target ID = YYXXX where YY is
the pass index and XXX is the
target index

22 ITTYPE Target type code

23 ITPP Time of passage (tenths of seconds)

24-25 PK(I) Probability of automatic keying

26-27 CEPKEY CEP of automatic keying

28-29 XOFFG Ground offset range (NM)

30-31 EN1 Error in heading

32-33 ENZ2 Error in speed

34-35 EN3 CEP NAV (NM)

36 ITKEY Code denoting if target is keyed to
air-to-air communications (l1-no,
0=yes)

Records 2 through 15

1 11 Sensor Number

2 NSEN(I1) Indicates whether the sensor saw
target (1 = yes, 0 = no)

34 PRI(I1) Terrain shadowing probability
(probability target is not shadowed)

5-6 PR2(11) Probability that equipment is up

=8 PR3(I1) Probability of no undercast eloud,
fraction not observed

9=10 PDC(11,1) Conditional Detectability for Level 1

1) g i PDC(I1, 2) Conditional Detectability for Level 2

13-i4 PDC(I1, 3) Conditional Detectability for Level 3

PDC(I1,4)

15-16

Conditional Detectability for Level 4
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TABLE 3-2, RECORDS ON GUTPUT TAPE 1 (Contd. )

Word Number Name Definition
17-18 PD(I1, 1) Total Detectability for Level 1
19-20 PD(I1, 2) Total Detectability for Level 2
21-22 PD(IL, 3) Total Detectability for Level 3 '
23-24 PD(11, 4) Total Detectability for Level 4
25-26 PI(11, 1) Conditional Identifiability for Level 1
27-28 PI(11, 2) Conditional Identifiability for Level 2
29-30 PI(11, 3) Conditional Identifiability for Level 3
31-32 PI(11,4) Conditional Identifiability for Level 4
33-34 CEP(I1) Conditional CEP
Group 2
Records 16 through 19
| L Level Number
2-3 PRC Conditional Detectability
4-5 PR Total Detectability
6-7 PRI Conditional Identifiability
§-9 PRIT Total Identifiability
10-11 CEPR Relative Localizability
12-13 CEPT Total Localizability
Group 3 g o
Record 20
1-2 PG4 Geodetic Probability
3-4 CEPG4 Geodetic Localizability

3.6.2 Output Tape 2

Output Tape 2 is written in BCD, with the header information identifying the

run located in record 1, The second record gives, for each of the photo cameras, the

fraction of keyed photos that are actually transmitted to the ground station,

Next, each target (within a given pass) is considered in order, N + 1 |
records are gencrated for each target, where N is the total number of photographic

frames containing the target. The first N records give data relating cach {rame to
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the target; the N + 15t record contains a number specifying the total number of frames
containing the target, i.e., N. These records follow, on a pass-target basis, Record

2. (N may be zero, in which case only 1 record is generated.)

The forms of Records 1 and 2, which appear only once at the start of the
tape, are given in Table 3-3. Form for the succeeding records is shown in Tahle 34,

TABLE 3-3. RECORDS 1 AND 2 OF OUTPUT TAPE 2

Record Name of Variable Definition Format

1 IALPHA(I), =1, 20 This record contains an alpha- 20A4
numeric header which identi-
1 fies the run.

2 Q1) Q1) is the fraction of keyed 8F10.5
Q(2) photos taken by sensor (1+6),
o i.e., camera I, which are
v actually transmitted to the
ale ground station
Q(8)
3.6.3 Hard Copy Outpul

As an option, a printout of the contents of Output Tape 1 can be produced*.
This output is easily interpreted since all the variables are labeled. An example of

such an output is given in Appendix H, Volume III,

3.7 OPTIMIZATION ROUTINES FOR EACH SENSOR TYPE

It was previously stated that the following sensor types are considered in

the AIRS Simulation model:

(1)« Dummy Sensor

(2). Infrared (IR)

(3). Side Looking Radar (SLR)

“4). Side Looking Radar with Moving Target Information (MTISLR)

(5). Forward Looking Radar with Moving Tavget Information (MTIIFLR)
(6). ECMI Sensor

(7). Photographic Cameras (Forward Looking Panoramic, Side
Looking Frame, and Forward Locking Frame)

(8), TForward Looking Infrared (FLIR)

*Hard copy output is produced if sense switch 1 on the CDC 3200 consele is turned on,

DL e




TABLE 3-4. OUTPUT TAPE 2 RECORDS

Record Type Variable Name Format
This recors! is TepCaiedy | FEEY “This variable is equal to 0 if the 15
once fur each camera target is keyed air-to-air.
frame for the target s . i
being considered, (Tur- | TTPP | Thie o tho time of wrgetpus- | 1o
gets are considered in & )
order within a given ITARG A five digit integer; the first 110
pass — passes are two digits are the pass number,
considered in order. ) the last three are the target

number,

PK The probability that the camera E15.7
which generated this frame was
automatically keyed,

XOFFS The slant offset range to the E15. 7
target at the time this frame was
was taken,

ITTYPE An index which gives the type I5
of target.

This record is gen- JI'RAM The number of camera frames 110
erated once per target on which the current target

and {oilows all frame appears,

records (the vecord

above) for that

target.

As now programmed, the AIRS Simulation Model can handle 15 sensor types:

one each of the first six sensors on page 3-97, eight of the photo camcras (the seventh

sensor), and one of the eighth sensor.

During any given run, the seusors of interest

are placed in an "on" mode, and those of no interest are turned "off". Hence, it is

possible to use the model to study the effectivencss of a single sensor

(i.e., turning

the other 14 off)y. However, in practice, this technigue is simply to inetficient. These

inefficiencies are obvious in two areas:

(1.

2).

Data preparation

Parametric representation of the sensor



Each area is briefly discussed below.,

First, when running the overall model, sensor data must he provided for all
15 sensors, even those placed in an "off" mode. This data is hard to find and time
consuming to prepare. l'or example, an IR specialist who wished to test the effect of
changing the capabilities of this sensor would have to prepare meaningful data for all

other sensors; if the data isn't meaningful, the program imay abort,
g prog A

Second, for a single run the parameters affecting the performance of a given
sensor are fixed, and cannot be changed. Among these parameters are geographic
data (e.g., aircraft altitude) weather data (e.g., rain), and sensor data (e.g.,
resolution), If a designer wishes to optimize a sensor over a wide range of conditions
he must make a separate run of approximately 20 minutes for each combination of

parameters.

In short, the above discussion indicates that the overall AIRS Simulation

Model cannot be reasonably used to study a single sensor,

To solve this problem, it was decided {c develop a separate computer pro-
gram for each of the seven types of sensors of interest. (The durmy sensor is of no
interest because it is a perfect scnsor and is used only as a basis for performance

comparison in the AIRS Simulation Model.)
The seven programs utilize the following three classes of user-input data:
(1) Sensor characteristic data
(2) Geographic and weather data
(3) Target characteristic data,

The logic which converts the input data to a set of performance statistics, including
probabilities of detecting and identifyving the target at each of the four levels, is

identical to that of the EXEC program of the AIRS Model for each of the sensors.

A separate document describing these programs has been submitted to the

Naval Air Development Center, )
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SECTION 1V,

EVALUATION MODEL

4.1 INTRODUCTION 4

The Evaluation Model (EVAL routine) was written jointly by Analytics, Inc.

and Kettelle Associates, Inc. Its purpose is to produce a report of sensor effective-

E
ness within a number of different target classifications. More specifically, EVAL

provides dectectability, identifiability, localizability, and redundancy measures for a :
given sensor and target configuration. These measures arc computed target-by-target 1

for all 15 sensors.

Following these computations, the detectability, identifiability, and local -
izability figures are integrated over all targets of the same target type to produce 30
summary tables (one for each different target type), and are also integrated over
every target to produce total system results. The redundancy measures are inte-

grated only in this final summary.

The user, through the use of input parameters, has control over what

processing actually takes place. It is through such control that EVAL oains its
‘ t=] . i { - t

flexibility, The user can exclude certain targets and any target type he wishes from
consideration. Also, he can amalgamate target types into target groups and obtain
an abbreviated summary table for such a group. User options are descritad in detail

in Paragraph 4.2, A flowchart of the EVAI routine is shown in Figure 4-1.
4,2 INPUTS

Two types of inputs are used for EVAL: user option parameters, and target/
sensor data. User option parameters are card inputs and are deseribed in Tahle 4-1,
The target/sensor data is the Target/Sensor Output Tape (Output Tape 1 generated by
the EXEC model). Basically, the tape consists of records containing the necessary

i

data for each target sighting.
4.3 PROCESSING
The EVAL Routine produces output via the following series of steps:

Step 1

The Target/sensor Output Tape is positioned and all variables and

accumulating arrays are initialized.




Step 2:

A target-sighting record is read in. A check of the user-defined (see
Table 4-1) ROFFMX, IHOLD, NONPRE, and IPREPL is made against
the appropriate target-sighting data. If the target sighting is not to be
considered, the record is skipped and the sensor performance meas-

ures are not affected. Step 2 is then repeated. 1If, on the other hand,
the sighting is to be considered, processing continues with Step 3.

Step 3:

Input data for multiple-sighted targets are conjoined into one set of
figures per target. For each target the following cight quantities are
calculated for every sensor.

The derivations, except for item (3), are straightforward. They merely
require multiplication of scalars, i.e., a particular number of sensors,
by probabilities.

(1) The number of times the target fell within the ficld of view (FOV)
of that particular sensor.

(2) The number of times the target was expected to fall within FOV
and was not masked by tevrain,

3) The expected number of times the target fell within FOV, was not
masked by terrain, and the sensor was operational,

1) The expected number of times the target fell within FOV, was not
masked by terrain, equipment was operational, and there was no
obscurity due to clouds.

(5)  The expected number of times the target was detectable at process-
ing Level i (i=1, 2, 3, 4).

6) The expected number of times the target was identifiable at
processing Level 1 (i=1, 2, 3, 4).

(7) The relative target CEP in fect, computed as an arithmetic mean
over all sightings of the target in question.

(8) Measures of sensor redundancy denoted by agy and §jj as
defined in Appendix F; these are known as the "unscaled' and
"scaled' contributions, respectively.




>
‘ After computing the eight quantities, individual sensor data is
integrated for each target to yield overall system measures:
(a) Total target detectability at each processing level. This is
the g_olxjoined* probability over all 15 sensors.
(b) Total target identifiability at each processing level. This is
E also conjoined.
(c) Relative target CEP at each processing level. The method
for integrating CEP's over sensors is given in Data Com-
bining, Paragraph 3.3.4.2.

(d)  Total target CEP at each processing level. This is a com-
bination of relative and mean navigational target CEP.

Step 4:

For all target types not excluded from processing by the inpat
value of IHOLD, an integration (over the targets in that type) of
all quantities calculated in Step 3, except item (8), is performed.
This yields a suramary table for each valid type. The integration
process is as follows: quantities (1), (2), (3), (1), (), and (6),
are summed; quantities (7), (1), (), (¢), and (d), are averaged.
Finally, the summary data for each target type is integrated over
types to vield final performance measures for the overall system.
Added to this set of final measures are the integrated o and
redundancy measurements derived from (8) as explained in
Appendix I,

el g ian o

Shep o

In accordance with the group numbers assigned by the input values
of NTY, the quantities (a), (b), and (c), are integrated over target
types belonging to a particular groun. These are the only target
group statistics computed.

If an end-of-file mark is the next character on the System Input
Tape, processing is concluded, the EVATL routine ends, and con-
trol is returned to the monitor, Otherwise, the program returns
to Step 1 so that the same EXFC-generated tape may be processed
with a different set of user-input variables.

n
1 - 1T (1-Pj) where
k=1

*Total conjoined prchability is, of course, computed by Peonj

n=15 and i ranges over the sensors, The sensors are as sumed statistically inde

pendent; this assumption is discussed in Appendix F.
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4.4 OUTPUT

The printed materials generated by an EVAL routine* (execution of Steps 1
through 6) are:

| (1) Pages of tables containing the target type summary statistics for each
type considered.

\ (2) A one-page** table containing the overall system performance measures
| with the exception of the next item.

(3) A page containing the overall system redundancy measure for each level
of processing and a similar page for the measure

.

(4) A two-page table of the group (a user-defined set of target types)
statistics.

(5) Header material containing the numbers of the target types being con-
sidered, the maximum offset distance, and a flag indicating whether
preplanned, non preplanned, or both kinds of targets, are being in-
cluded in the analysis,

(6) A message indicating how the # redundancy measure should be
interpreted.

(7) Several of the EVAL table -pages contain the following auxiliary informa-
tion which is useful in interpreting the tables:

(@) The number of target-sightings per target type.
(b)  The number of targets per target type.

() The number of targets per target group.

(d)  The target types included in each target group.

(e) The total number of target sightings.

) The total expected number of target sighting detections for each
processing level,

FA S:Ut\pi(-'l':.\'}i.i, output is given in Appendix H, Volume 117,

¥*This page is labeléd Target Type 31; Type 31 cannot be excluded.

o A M it i 5
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4.5 SUMMARY

Great flexibility can be achieved when using EVAL because the EVAL routine
is coded as a leop around the processing phase. The user may evaluate a particular
simulation result (as recorded on the Target/Senscr Output Tape) in many ways by

stacking, one behind the other, sets of user option parameter cards (3 per run).

By using the ROFFMX (see Table 4-1), the user can determine the effects
of varying maximum offset distances on system performance in terms of target types
and groups. Moreover, the user can evaluate system performance with respect to any
collectionof target types. For a quick look at system performance (i. e., total system
detectability, identifiability, and localizability at each processing level), the user
groups the relevant targets tog(‘thex*ihrough the use of the input variable NTY and then
reads the target group output table. For a more detailed breakout he simply "turns
off" the target types he is not interested in (through the use of IHOLD) and receives the
total EVAL output with only the right types considered. The user input variables
IPREPL and NONPRE similarly provide flexibility, This flexibility is summarized in

Table 4-2.
TABLE 4-1. USER OPTION PARAMETERS

|

CARD

I\ h\ o b o ‘- by IMT AT ® ! :}\ -. |:
NUMBER NAME DESCRIPTION FORMAT | COLUMN
K NTY(J) NTY(J) = Group Numkter (from 3011 1-30

1 to 5) of Target Type J.
1 £J < 30. Leave blank if no
grouping of target J is desired, |

2 IMOLD(J) IHOLD(J) = 1 if Target Type J 3011 | 1-30
is to be considered on this
EVAL run; 0 otherwise.
IS Jos 39U

NONPRE NONTPRE = 1 if non-preplanned { Y 45
targets are being counted on
this run; 0 if not.

IPREPL IPREPL = 1 if preplanned )

targets are being counted on
this run; 0 if not. Note that
it is permissible for both
NONPRE and IPREPL to = 1.




TABLE 4-1. USER OPTION PARAMETERS (Contd, )

*See Table 4-1 for additional information on variable setting.

1-6

CARD
NUMBER NAME DESCRIPTION FORMAT | COLUMN
LABELS(I) 1 <1< 5 upto 20 characters 5A4 47 -67
of alphanumeric header in-
formation printed at the top of
every Target Type output page
3 ROFFMX ROFFMX = maximum allowed ¥10. 0 1-10 £
target offset distance. The ‘
value may be punched anywhere ’]
in the first ten columns with
any number of digits before and
after the decimal point as long
as the decimal point itself is
punched.
TABLE 4-2. USER FLEXIBILITY
DESIRED OUTPUT RELEVANT VARIABLE* :.
8 g i S i i 4
Only targets within a specified offcet dis- i ROFFMX r 4
tance from the aircraft are considered | }
PO vt : . e
Only prepilanned, or non-preplanned, IPREPL !
targets are considered NONPRE |
Only targets of a certain type (e. g, Te- f IHOLD
vetted aircraft) are considered |
Summary tables for groups of target types NTY
(e. g., all types of radar may form onc
group) are produced
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SECTION V,

PHOTO INTERPRETER AND QUEUEING MODEL

5.1 INTRODUCTION: SYSTEM TIML-LATE

The Photo-Interpreter and Queueing Model (PI-Q) is used in estimating sys-
tem time-late. PI-Q is a composite of two models wkich have been separated from
the main stream of the AIRS simulation model for programmatic purposes and have
been combined into one computer program because they share many common inputs.
Their purposes are also related functionally: to develop data necessary for estima-
tion of the system time-late characteristics of the reconnaissance system under

investigation.

System time-late is generally regarded as the most significant parameter
governing the decision to develop a new reconnaissance system. The driving force
behind data integration, real-time data analysis, on-board processing, and direct

2ta communications all relate primarily to this parameter, the requirements for
which are dictated by a scries of target characteristics relating to the time decay of
information regarding such targets. For moving targets, the "half-life! of any
reconnaissance data may ke measured in fractions of a minute; for highly mobile tar-
gets, the half-life of the data might be measured in minutes. In the case of fixed

installations, the data half-life is of no consequence in a dynamic conflict scenario.

System time-iate is defined as the distribution of the tirno differcnce be-
tween presentation of a reconnaissance opportunity (defined as the time at which the
aircraft first passes abeam the target) and completion of data analysis. This means
that command-decision and command-communications time is not charge to the
reconnaissance system, but data transport and interpretation time are. Also, it
means that the quality of the data analysis varies with time late ( imply, given more
time, the precision of the interpreted reconnaissance data inereases). Within the
AIRS model, the relation between data quality and time-late is expressed by consider-
ing performance (.e., detectability, ideutifiability, and localizability) at four level:
of operation, and estimating by means of the PI-Q mwdely the time=late character-
istics associated with the data available at each of these levels, This yields a four-
point estimate of the tradesf{f of data quality with time-late, and affords a sisnificant

output to the overall system effectivencss evaluation.

i, o i




Time-late, as defined above, is composed of the following major

contributions:

(1)  On-board processing delay (usually insignificant)
- {4)  wueueing of data to the on-board operator (Level 1),

(3)  Queucing of data communications to the Integrated Operational
Intelligence Center (IOIC) (Level 2),

(4)  Physical data transport via the vehicle to the 10IC (Levels 3 and 4).

(5)  Queueing and Interpretation delays at the 10]C (Levels 3 and 4,
but different for each).*

Of these major contributions, It.em (1) is inferred via engineering consider-
ations. Item (4) can be estimated from the specification of the aireraft missjon, and
allowances for physical delays between landing and beginning of processing., The other
contributions depend upon queueing of data which are, in general, received at a much
higher average rate than they can be processed. The need arises for a qucueing model
which can be used to estimate the delays (and the associated data storage requirements)
attendant with the buildup of such queves. The Queueing Madel in the present program
serves these needs, being designed for use, with different parameters for Items (2)
and (3) above. Queueing with respect to IOIC processing is a sinmiple matter since, in
effect, all the data relating to one mission are given to the 10IC at one time (or at
least far more rapidly than they arc processed). Thus, no queueing calculation be-
yond simple arithmetic is required for Item (5), once the sequence in which the data

are interpreted is decided.

The operational differences between Levels 3 and 4 relate {o the keying of
potentially significant data: data which are so keyed are processed by the 10IC ahead
of other data. If the alerting and keying subsystem periorm according to expecta-
tions, the Level 3 data processed by the [0IC ahead of the | evel 4 data will be rela-
tively richer in target images, therchy yielding a reduction in the average time-late

for these target data, The purpose of the Photo-Interpreter Model i« to estimate this

*To l'(‘\'i(—‘\'y', Level 1 constitutes reql-time processing, Level 2 involves con munica=
tion via data links to the 101C, Level 3 comprises data carviced back and annotated
as potentially interesting by the alerting and keying subsye tem, and Level 4 con
stitutes all data processed conventionally,



enrichment, thereby allowing an estimate of the time-late improvement due to the
alerting and keying subsystem.

Thus, the Photo-Interpreter and Queueing Model comprises two logically
independent programs:

(1) The Photo-Interpreter part estimates the degree of discrimina-
tion provided by the automatic alerting and keying capabilities
of the system in selecting, for early photo-interpretation,
those photographic frames which are relatively rich in target
content.

2) The Queueing part estimates the length and time delays of the
data queues which form in front of

(@)  the on-board display system, and

()  the data communication circuits.
The outputs of these two models are then used to estimate the time-late for the sve-
tem. Paragraph 5.2 discvsses the Pl model, and in Paragraph 5.3 the Queueing

Model is discussed. The outputs generated by the Pl and Queueing models, which are

used to ascertain time-late statistics, are discussed in Paragraph 5.4.

5.2 PHOTO-INTERPRETER MODEL

The PI model provides sufficient information te estimate the performance
of the system in selecting, for early interpretation, those frames that were relatively
rich in target content. This was accomplished by developing three measures, namely:

XL The expected number of frames presented to Pl at Level L.

YL The expected number of targets (contained on Xy, frames)
presented to the PI model at Level 1.

Z_. A measure of target content per frame at Level L, the ratio of :
e Mg X

Thus, ZL is a measure of the richness of target content per frame.

(Hopefully, a reconiassance system would have a high Zyand Zg.)
-




As discussed in Paragraph 5.4, these measures also provide the
data necessary in a time-late analysis.

Looking forward, the YL's tell how many

targets are processed at each level; recalling that Level 1 data is processed before
Level 2, Level 2 before Level 3, and Level 3 before Level 4

answer such questions as:
and 2 combined?",

, it is now possible to
"What percent of all targets are processed in Levels 1

The three measures which have just been discussed will now be developed.

A number of targets appear on a given photo frame, associated with each of

these targets is a photo detectability and a target alerting
script i denote the fr

probability. Let the sub-
ame number and the subscript j denote the target number within
that frame. Then the photo detectability of target j on the ith fr
Keying probability for the jth target is PKJ..
alerted frames is transmitted,

ame is PD].J. and the
It is assumed that a fraction, T, of all

Let Pim be the probability that fr
targets. Then

ame i contains precisely m detectable

n
Po= T a-rp
=i J
n n
P, = » M PD. (1 -PDig) 5. 1)
321 K=land ¥
K#j
n n n
: N
P, - lz : Jz] (T PD PO - PDy

i#f and
K#iorj

It can be seen that this series becomes extremely complex, and therefore,

another way to compute I)im for any m would be more desirable. To this end, the

following exact iterative technique was developed.

H-4




3
Let P, be the gth iteration calculating P. . First, observe that:
g) im im o
B o B e
(1)110 1 PDil
(5. 2) :
L = PR :
(I)Pll l)11 3
Then, forj= 2, 3, ...n, the following iterative is computed until j = n.
% p- = = l)' 7 o .. r.‘ l
Gy 10 G-1 10 & pD]J) (6.3) :
B B - L)t Z 1 2
(_])plnl G-1 "im i le]) " Gg-1 I1 (m-1) le] 4
m=1,2; (-1)
SRS e 121D g
1y G- 16-D " g
where n is the maximum number of targets on frame i.
Now, let 1’]:3{) be the contribution of frame i to the total expected number
of frames containing m detectable targets at processing Level L: \
Level 4 contains no keying or transmitting of data. Therefore:
p) _ p (5.4)
mi im
Level 3 considers keying, but no transmission. Therefore:
]’(3? P. R (5.5) | 3
mi im :
\i
o ’ 4 R &
where R is given by the following equation: :
i s
K= 1= 1 - PK,) (5.6) b
j=1 ¢ J
which is, of course, the probability that the frame is keyed. This is because only 1
of the j targets needs to be keyed for the whole frame to be keyed.
[




Level 2 considers both keying and transmission. Therefore:

(2)
P -
Pl = P‘i RT 5.7

where, as defined above, T is the fraction of all alerted frames transmitted.

Let Ng')be the number of targets at Level L which contain m targets,

Then

M- 2 p & 5. 8)
except that

No® = > Py +w (5.9)

where W is the total number of frames containing no possible targets.

The expected number of frames precented to the Pl model at Level 1., call

this value Xl , is just

] - (L =
X Z N k) (5.10)
L m
m
YI » the expected number of detectable target images presented to the 1 model at

Level L is

: . o (L) 5.11
Y nzl m .\m ‘ (5.11)

A measure can be devaloped to express the "richness" of detectable targets per frame
at Level 1.. This measure Z1, (which is not equal to the expected values of the number

of targets per frame) is:

y

1,

Ay

N
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QUEUEING MODEL

The Quecuecing modcel was developed to study:

(1)  The transmission delay from the aircraft and how this delay
is affected by the communication bandwidth.

(2) How far behind the display rate the airborne operator falls
(at Level 1, real time) in processing the information which
appears on his display, as a function of the display rate.

Rather than use classical queueing models, the Scenario output generated
queues, and a separate Monte-Carlo simulation was utilized to determine the proba-
bilities, sizes, and waiting times of the communication queues. This technique was
necessary because the communication queues are not in equilibrium; no closed-form

solution can be computed.

Computationaily, three separate cases are analyzed to determine queue
length and waiting times:
Case A: Worst case analysis - every possible keved event is assumed
keyed with a probability of 1.00.

Case B: DMean case analysis - each event having a non-zero keying
probability is assumed transmitted with certainty: however,
the size of the data package containing the event is decreased
by the factor of the computed keving probability.

Case C: DMonte-Carlo analysis - queue length and waiting times are
determined by Monte Carlo technigques using keying probabilities
(i.e., an event cither does or does not enter the queue, the
decision is made by using the keying probability and the Monte
Carlo distribution).

In cach of these eases the mean, maximum, and standard deviation of the

queue length and wait times are computed.
The definitions listed below are used in the following paragraphs:
N the total number of events considered

'I'i the time of alerting (event i) S IS

]’i the probability of alerting for event i b= Danie wig 2N




—

Ki = binary event marker; 0 if air-to-air communications
are not present for event i, 1 if present* sl LAt 9

B = system bandwidth in units/sec.
= continuous output rate in units/sec.
X = size of event data package in units

= size of incremental data package in units when air-
to-air communications are used (i.e. , total package
size when air-to-air keyed is X + XYy,

Qi = queue length after occurrence of event i s S R
ot : Y s .th
Ai = waiting time to finish transmitting the i data
package
i) when studving case A
¢l. P‘i when studying case B
[0,1] A Monte-Carlo distribution is entered with

Pis 0 or 1 is the output

Further, let:

%= XY (Kplo,

tl = Ii w1 Ix
Tn=Tx+1- Ty
X w rn ¢ l1
R =B - RO
8.3 1 Computation of Queue Lengths

This paragraph discusses the manner in which the queue lengths and as-

sociated waiting times are computed for each of the three cases previously discussed.

*Kj for each event is an input from the Executive Model: see in particular Table 3-2 1
Variable Name I'TKEY (Record 1 word 38)
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The queue length, Q;, immediately following each event is given by.

QG =%
(5.13)
The maximum queue size encountered is just the maximum value of Q; over all i:
QI\'IA.\':MA‘\ [Qi]' :
The times of the events, 'l'i are inpuis except in the case of TN R This

is defined to be

o e QN
w1 = INT R

Let Qi' be the integral contribution of the interval [Ti, Tia 1] to the mean
value of Qq denoted by Q. Let Y be the instantancous height of the queue. The equation
for Y is simply*:

Q; - Rt; so long as Q; - R, 20

. 5. 14
0 when Q, - Rt,< 0 et Ay
Y is set to zero, when appropriate, to reflect the fact that there is no such thing as

a negative queue.

It must be noted that two cases exist as shown in Figures 5-1a and 5-1b. In
Figure 5-1a, the queue built up at time T, is completely processed before event i+ 1

occurs. That is, Q; - Rli < 0. When this occurs, (gi' is given by the shaded area of

Figure 5-1a. o

T Q
i) R
Q. Y dt Q. - Rty dt
i T 0 ) i i
i (
( 2
| 2R
N — e ———
W “Taking the occurrence of event i at time zero, i.e., ‘l'l 0,
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Figure 5-1b., Case 2 — Queue Length Vs, Time
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The second case exists when, as shown in Figure 5-1b, t! e queue built up

at time Ti is not completely processed by the time event i + 1 occurs. In this case
L

i /'ti
R, = 3 th-"j (Qp Ry dt

0

Summarizing,

(g

4 : AN =
2Q-Rt) ifQ;-Rt 20

Q; - (5.15)

i
2

2
Qi ;
SR 1fQi-Rti<0

For completeness, Q\:' is defined as
£

QN -
tN 9 (5. 16)

Ny

Q, the mean queue length, is then given by

Qy

1
Q - 'l‘

Q; 6.17)
1

N
e
(e
i=
Let Qi" be the integral contribution of the interval ['l'i » Ty, 11 to the

variance of Q, ¢2 Q). Fori-1,...,.N:

o
Q" \ vZ at

Es
i

’
Keeping in mind the two cases discussed in computing Qi .

g




g

H

R™ t
GF g 2 Lot if Q. - Rt. > 0
% i 3 30T i i
Qi = 3 (5.18)
Qi -
3R if Qi - Rti> 0
Then, as usual:
N
2 1 " _2
" W=5 z & -8 (5.19)
i=1
and the standard deviation is justVa - (@)
5.3.2 Computation of Waiting Times
The waiting time of the ith event is given by
Q; -Z,+ X+ YK,] ¢
A s o ol G.20)
R
The maximum waiting time is: AMA\’ = MAX (Ai)’ and the mean wait time A
is given by

" g N
A= iz;]Ai G.21)

The variance of the wait time 02 (4) is
(34 -
2 =3 z @0y?-a (5.22)

. re=

L.

)
and the standard deviation of wait time isVo = (a)

5.3.3

Notes on the Monte-Carlo Analvsis
A LS I I V)

Case A and Case B each require only a single run as the analysis 1& not
problematic in the sense of a Monte Carlo,

)
[
—
8




Case C, however, requires a number of runs to ensure that the results
become relatively stable.

A problem arises in computing the number of runs necessary to reach a
relatively stable state.

Since QMAX is probably the "Nosiest' variable, at each run (denoted by j)

a measure, Sj’ of the fractional variance of its mean is computed as follows:

.th > ; ) . y
After the j° Monte-Carlo iteration, the variance of the mean is estimated
using the normal approximation to the distribution of variance (which is valid when j

is large). The unbiased estimator of the variance is well known:

g 2
[QMAX 0 " vax (i)} (6.23)

Mu-

VoS e
| BT
i6-) 2,
The valuc QMAX §) is the current mean value of the variable Qyraxe This
mean is now assumed to vary only slowly with increasing j, for j sufficiently large. *

Then since

1

3= 1 2
Vi3 = = 3 [Q o -Q ) (5.24)
j=1 = 7 MAX (j-1) MAX (i)

-1 G-2> ;4

(33
o

by substituting (5.24) in (5.23), the incremental formula for the variance is:

j-2 e o 2 S
¥y (l _> Vi-1*76-D | Omax " max m] Se

Computing the fractional variance of the mean, Si' requires dividing V. by

(QMA)()z to preserve consistency of units:

L3

g (J'°> B ! 1 - QMAX (| © (5.26)
: ) 7% j6-1 QAMAX

e asse j e 1 - e
e ( — 1 Qneay o Q - iy Since j will be
*Precisely, (‘)M:\?\' G+ 1) e ]) IMAX () <i~ 1) MAX (j)

constrainad to he greater than 100, these approximations are valid.

5=-13




For completoness, Sp= 0.

This incremental formula offers a measure of the degree of stability of the

averaged results of the first j Monte-Carlo iteration. A practical stop rule is

j 2100 and §; < 1075 ' 5.27)

5.4 THE PI-Q PROGRAM

Figure 5-2 presents a flowchart of the overall program. Boxes numbered
1 through 9 comprise the Photo Interpreter portion of the model, and the Queucing

portion consists of boxes 10 through 24,

Paragraphs 5.4.1 through 5.4.4 discuss the four utility subprograms:
PROBD, SORT, RUN, and RN used by the PI-Q program. Paragraph 5.5
discusses the inputs to the PI-Q Program and Paragraph 5.6 the program's

outputs.

5.4.1 PROBD1

This subroutine computes the recursion formula for the probability, p;‘m

that exactly m targets appear on frame i (sce Paragraph 5.2). This subroutine is

called whenever necded by the main PI-Q Program.

5.4.2 SORT

This subroutine accepts the data read from the tape discussed in Paragraph
5.5.2, and reorders the data in 2 manner easily handled by the PI-Q Model,
5.4.3 RUN

pellon

This subroutine is at the heart of the Queueing Model, computing the guecue
lengths and wait times,
5.4.4 RN

This function supplies random numbers to the Monte~Carlo simulation in

the PI-Q Model.,

5-14 . . —
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5.5 PROGRAM INPUTS

The inputs to the PI-Q Mcdel are provided by two tapes and a deck of cards.

Input Tape 1, which is generated by the Scenario Program (see Paragraph
2.7.3), contains the data used by the Photo Interpreter Model. Input Tape 2, which
is generated by the Executive Program (see Paragraph 3.6.2), contains the data used
by the Queueing Model.

The Card Deck, which is prepared by the user for use by the Queueing

Model, defines the parameters of the transmission system on board the aircraft.

5.5.1 Input Tape 1

The information stored on Tape 1 is produced by the Scenario and sorted*
bv camera, frame, and target, before being passed to a program called TAPEQNT, **

which computes the number of targets seen on each camera frame.

The resultant tape contains a header record (Table 2-5) and a series of
sighting records (Table 2-6). This tape is read by the PI model and used to compute

the data discussed in Paragraph 5. 2.

5.5.2 Input Tape 2

Input Tape 2 is prepared by the Executive Program and is not modified be-
fore being used as input to the PI-Q model. The content of this tape, along with for-

mats and definition, are given in Tables 3-23 and 3-4.

Tape 2 inputs coupled with the card inputs discussed in Paragraph 5.5.3,

form the data base for the Qucueing Model,

¥ This is the standard CDC 3200 library sort routine. Its use (i.e., how to set up
control cards) is discussed in Appendix G, Volume 11,

**The TAPEQNT program prepared by Kettelle Associates, is discussed in Appendix
G, Volume 11.

H=16
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5.5.3 Card Input

The input cards contain information which defines the parameters of the
transmission system, This data, together with that provided on Input Tape 2, allow
the Queueing Model to compute waiting times and queue lengths for the transmission

of data to the ground station.

In order that the user have maximum flexibility in studying a wide range of
conditions, more than one set of parameters for the transmission system can be con-

sidered on any one run. Each such parameter set is proccssed sequentially.
Table 5-1 lists and defines the input cards.

TABLE 5-1. CARD INPUT DECK FOR THE PI-Q MODEL

CARD o - - S
NUMBER CONTENT DEFINITION FORMAT
1 JEXC1 Always set to 1 215
JEXC2 If = 1, a "secret'" label is
printed on each page. (Set-= 0
if not desired)
2 TIA(T) An alphanumeric name which 20A4
1= 1,20 describes or identifies the
set of parameters to be con-
sidered. This is a user
convenience - the program
itself only prints this data.
3 B Channel bandwidth for data 4110, 4

transmission in units/record

RO Channel baseload data rate
in units per record.

X Basic data package size in
units,
X Incremental data package

size in units,

b gt e ki e e ke gt
Note: Cards 2 and 3 are repeated any number of times, Fach such pair of

cards defincs a parameter set for the data transmission system. A

blank card should follow 21l such pairs.




5.6 OUTPUT OF THE PI-Q MODEL

56,1 Output of the Photo-Interpreter Model

The output «i the PI is a table for each number of targets that can appear in
a single tramec wiu the expected number of frames containing that number of targets
for each level of processing (other than Level 1 which is real time processing). Table

5-2 represents a hypothetical set of results.

TABLE 5-2. SAMPLE OUTPUT OF PI MODEL

LEVEL

N . 2 3 4
0 1.0 el 500.0
1 0 1.0 8.0
2 3.2 4,3 10.0
3 4.5 7.2 20.0
4 1.9 19, 0 140
5 10.0 7.0 9.0
6 16.0 3.2 6.0
7 4.0 1 0
8 1.0 0 F1 i
9 .5 .5 0
10 0 0 0
Expected number of {rames 48.9 44.8 366, 1
Expected number of fargets 238.0 176.5 229, 8

As an illustration, there is an expected number (19.90) of frames which con-
tain four targets al Level 3.

(92
N

<2 Output of the Qucucing Model

The Queue output is a table of mean, maximum, and the standard deviation
of queue lengths and associated waiting times for three cases: case A, worst case;
case B, mean case; and case C, based on a Monte~Carlo Simulation, (Sce Paragraph

5.3 for a detailed discussion of the three cases.)
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Table 5-3 presents a hypothetical set of results generated by Queue Models.

TABLE 5-3. SAMPLE OUTPUT OF THE QUEUE MODEL

: I QMAX QME QSIG DMAX DME DSIG
Run A 10 5 40 25 25
Run B 30 15 20
Run C 4 34 21 17

Notes for Table 5-3:

QMAX = Maximum Queue length in units

QME = Mean Queue length in units

QSIG = Standard Deviation of Quecue length in unit
DMAX = Maximum wait time in minutes

DME = Mean wait time in minutes

DSIG = Standard deviation of wait time in minutes

Run A is the worst case, Run B the mean case, and Run C the Monte-Carlo case.

5.6.3 Computation of Time Late

An important part of this model involves manual computation, Using the
outputs of the PI Model, a graph which portrays "time-late' can be constructed; this

graph plots the percent of all targets (or alternatively, the number of targets) processed

versus time,

An assumption is that it takes K1 4 K2 N seconds to process (on the ground)
each photo frame where K1 and K2 are empirically determined constants and N is the
number of targets on that particular frame.'

As an illustration, consider the example given in Table 5-2. In Level 2
there are 238 targets on 48.9 frames. Thercfore, it takes 208Ky + 48.9Ks minutes
to process all frames. Let Kl = 3 minutes and K2 = 0.2 minutes. (Level 3 and 4
computations are analogous.) The result is the graph shown in Figure 5-3. Level 2
is always processed first because the ground station receives these frames before the
end of the mission. Level 3 frames are next processed, because the "good" frames

are keyed. Only after all other frames are processed are those in Level 4 considered.

5-19
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In Figure 5-3 the heavy dashed line shows the time to process, assuming a ‘
random selection of frames (i.e., no keying or transmitting). The amount that the i
actual curve lies above the dashed curve is an indication of the improvement in time- §
liness brought about by using data keying and transmitting techniques. 1

=




series of decision rules; such rules could include priorities associated with certain
targets, consideration of queue length at the particular time,

probability of identifying
the target, and other such factors.
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SECTION VI.
RECOMMENDATIONS

6.1 INTRODUCTION

It is recommended that the AIRS model be amended to include consideration

of :

(1) A visual detection model
(2) An automatic topographical mapping capability
(3) Automatic detection capability

These three recommendations are discussed in more detail in the

following paragraphs.

6.2 VISUAL DETECTION MODEL

As now programmed, the AIRS model does not include a visual observer.
This has not been a problem since, in general, the reconnaissance operators have
been found to have almost no slack time, Nevertheless, such a model would allow
studying the value of visual observation, especially from the point of view of trade-

offs with other sensors for overall system optimization.

6.3 TOPOGRAPHICAL MAPPING

The possibility of including another "sensor' should be considered. In
particular, a tactical laser could be used for topographical mapping of the terrain.
Though not strictly a sensor, this would certainly be a valuable output of the recon-

naissance system.

6.4 AUTOMATIC DETECTION

Through operational use of the model it became clear that the on-board
reconnaissance operator cannot keep up with the flood of information presented to him
by the system for analysis. As he falls behind he keys less and less data; system
performance correspondingly decreases. It is recommended that a study be made on
the feasibility of incorporating an adaptive, automatic, detection capability. Such a
capability would enable the system to present to the operator only that data actually

known to contain target information. The adaptability would arise from cxercising a

6-1

|




Points (Xl, Y1) and (Xo, Yo)

APPENDIX A. INTERSECTION OF TARGET PATH COMPUTATION

g

Let:

If

If

where

X2+ Y2=R§

Y=Y°+(X°-X)g i d

g=tané

2 2 2 2
Yo=Y % X -2xox.+x ]g2+2YogX0-2YogX

2 2 A 2 2 2 2
X +Yo +g Xo - 2g XOX+g X +2YogX0-2YogX-R2 =0

x2 [1+g2] +X [-2g2x0-2Yog]+ [Y02+g2X02+2Y0gX0-R22]=0

a=1+g2

B S i
--gxo—-2Yog E
S %2 oy

c—Yo+g X0+2Yogx0 R2

b2 - 4ac is negative, there is no real solution.

b2-4ac>0:

r _ “b+ })2"‘130_ 2 pn? 2

s Tabumesencs T &0 Tk o i
- ERET SR 2

Xg=zb-Nb" -4ac ; Y, =R, =X,

2a

X2> Xl’ interchange Xl and }xz; Y1 and \2.




g=tané
Y =-% f= (/2 -p)
x = -
_T_Yo+gxo Xg
X[g-11=Y +gX
% =IYo+gx01f _—|Y°+gXo]
R [fg - 1]
POint(X4, Y4)
Y=Yo+(XO—X)g
fy=X
X lgr4l=¥ sg¥
f o & o
X = [Yo+gX0] £ S [Y0+gX0]
fg + 1) 4 [1+ fg]

Poinis (X5, Y5) and (XG’ Y6)

Exactly the same technique is used as in computing X., Y,) and (X,,
: 1 =1 2

the only change is that Rl replaces Rz.

Yz);




APPENDIX B. COMPUTATIONS FOR DETERMINING COORDINATES
OF A TARGET PASSING THROUGH A FIELD OF VIEW

Computation of (Xl, Yl) and (X4, Y4):

Y =Yo+ (Xo-X)ta.nB

X

1 = constant = X,
Y=Y, + X, ~-X;)tans
X, = constant = X,

Yy= Yo+ (X - X,) tans-

Computation of (Xz, Y2):

Y=Y + X, -X)tans

Y2-YC_ Xz-xc
Yo=Y By = %o

Xg - Xo
¥y = _X_.:_}-(: [Ya..Yc]+Yc=Yo+tan6Xo.-tan6>\2

a

(2] [acy]
Yo =X2 m - Xe mr + Yo=Y, + X tan s - X, tan s

[ « o] Esd
X = +tang| =Y ~-Y +X_ tans+ X T i
21X, -X, o e o c Xa-kc ;
|
Yo - Yo + Xy tan 6 + X, X -X. '
x2= & = i
[Ya-Yc] |
tans + = !
xa~xc
and finally
Yy = Y+ tan b (X - X,)
B-1




Computation of (X3, Y3):

Following the same technique (subscript b replaces subscript a, and sub-
script d replaces subscript ¢) as in the computation of ()(2, Y2) yields:

Y°+X0ta.n8-Yd+XD _—XB‘XD ]
X3= |8

tan & X "'Xo

B

Y3=Y0+tan6 (XO-X3)




APPENDIX C. MONTE-CARLO GENERATION OF
TERRAIN SAMPLES

C.1 GENERATION OF A TERRAIN SAMPLE z (x) ‘

The main loop involves the computation of z,, according to equation (1)
below and the computation of u according to equation (2) below.

Z, is the terrain elevation at the nth sampling point. Using the difference-
equation, approximation to the desired terrain function expressed in Paragraph 2.4
is computed according to the difference equation

o 2 3

z, = 3bzn_1 -3b zZ 9% b zZ, g% cRn 1)
where

b =1/@+ hr)® = 1/1. 1° = 1/1.331000. . .

c =1~ bz)2 \E 1 - b2)/(1 + 4-b2 xb4)

o an input constant, the rms value of z (about its mean zero),

1

R, = a random number evenly distributed over the interval (-1, 1)

h = 0.1/r is the horizontal distance between sampling points, and is the
breakpoint "frequency", in radians/foot.

At any iteration of the main loop, u is the largest value of zn/nh so far
encountered. That is, if zn/nh £ u, replace u by the current zn/nh; if z,/nh = u,

let the current value of u remain.
Or:
u = Max {Zi/hi}

K <i<n (2)

There are no printouts in the main loop.




To start the process, set

=0 (This lets the main loop begin with the digital

zZ =z = Z
127 %-11 " "-10 filter at a steady-state.)

and use equation (1) to compute

Z_gr Z_gs Z gee b gr Z_ge

The value of 2, is a preassigned constant (z*) representing target height.
However, it cannot be inserted into the sequence Z_gs Z_1s 2 and continue with the

main loop. First, test to sec whether z, fits the values Z_3s Z_g» Z_1-
The test is as follows:

Set R* = (2 - 3bz_, + 3b2 2_, - b° z_g)/e,

1
where Zy is the preassigned value and Z gy Z_gs Z_3 have just been computed using
equation (1).

If -1<R* <1, set zq to its preassigned value and enter the main loop.

If R*< -1 or R* >1, discard Z_gy Z_gs ey Z_3 and return to the be-
ginning "To start the process. .."

To stop the process, there is a preassigned value N of main loop iterations.
A stop rule has been written that can be used, if necessary, to save computer time
but for now N is an input constant. The entire procedure is repeated a predetermined

number of times (at least 30).

C.2 SAMPLE RESULTS

A Monte-Carlo analysis of the actual terrain model was made to check the
arithmetic and to investigate the effects of quantization at steps of 10 per unit dis-
tance. For 5000 tries, o (h) = 1.52, X = 1.86, where X is the mean distance between
zero crossings of the terrain.

h -2)X 1,
po 1.86

(9}
Do

Thus, u =

Note that X corresponds to a "half wavelength' estimate since it measures the mean

.stance from a positive-going zero to the next negative-going zero.

C-2




"Elevation" is defined as aircraft distance above mean terrain, i,e. above

the point z = 0,

If a target is at elevation z* and an aircraft at elevation H, the ground range

is p.

Because of this scaling algorithm, proceed as indicated in Paragraph 2.4.
Basically, to simplify matters, it was only computed for values of zo/a equal to (-3,
-2, -1, 0, 1, 2, 3). While the results indicated that geometric interpolation could be
employed for other valucs of z (linear interpolation being not as useful according to the

results), actual implementation was initially restricted to these seven integers above.

The results of the Monte-Carlo simulation were fitted with curves on a
least-squares basis, and the resulting terrain-shadowing alogrithm implemented in

the main simulation.

The procedure developed for programming in the Scenario Model is as
follows. Referring to Table C-1 and letting P equal the cumulative shadowing

probability:

(1) Select a target height relative to terrain sigma (zo/a) from
Column A.

(2) Compute the current value of u, the corrected line of sight
tangent given above.

(3) If u is less than the value in Column B, set P = 0 and exit.

) If uis not less than the value in Column B, but is iess than
the value in Column C, then set

b .
> u->
P=D [(, g }

where the values B, C, D are given in the respective columns;
then exit.

() If u is not less than the value in Column C, but less than the
value in Column I,

-~ \ S Y i 3 <
set P= E; + Equ+ Fgu® 4 I',A}u*, where E, through E, are the
four values in Column E for any ‘/,n/a value in Column A,




s &

-

—pr—y

(6) If uis not less than the value in Column F, set P = 1.0.

The resulting algorithm is considered good to at least two significant

figures (although the long coefficients need to be retained for precision in the third-

order approximation). This is more precise than any physical uncertainties as-

sociated with particular terrain samples.




TABLE C-1.
SHADOWING ALGORITHM

COLFFICIENTS FOR TERRAIN

B

C

D

E

F

-3

6.47098E01

3.441621E01

1.563301E01

1.4323E-01

0.0

0.0

0.0

6.6090342E01 5.6148369E-02

4.459798E01

1.60589E01

4.2012E-01

7.837E~-02

5.3E-02

1.144E-02

1.0681267E-01

6.4571343E-02

2.0586496E~01

5.9392306LE-02

1.6064168L-01

1.9422261E-01

7.7343042723E01
-3.0561841003kK00

3.9659267829E -02
-1.6808448134E-04

1.61528066161GE01
-1.0G18857914K00

2.2319714703E-02
-1.4747275965E -04

1.2971606791E00
-1.9056697404E~01

8.7192342903E~03
-1.0162780732E-04

6.6064529761E-02

3.534096155E-01
-5.010330503E-02

2.282623723E-03

-3.0981982706E -01
5.24291946281C0

=7.0243511596L00
3.0479551228E00

-2.4836507897E-01
8.8312536038E00

-2.1976417416E01
1.8016748475K01

2,040956524E-02
1.6159293793E01
-8.6011972132E01
1.3854173354LE02

9.060563E01

6.351531E01

3.52894E01

. 11946601

feny

. 05559100

[y

5.7648E-01

3.2343F-01
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APPENDIX D. ECM PASSIVE RANGING PRLCISION

D.1 INTRODUCTION

In thi .:appcnclit stimates are made of the precision of passive ranging
from an aircraft assuming that it flies relatively quickly past a stationary target,
inspecting its bearing as a function of time and performing the resultant analysis.

By '"quickly' is meant that the aircraft velocity navigation errors do not change
significantly during the fly-by, hence the analysis can be divided into two parts: (1)
estimation of baseline range and point-of-passage errors due to angular measurement
errors, and (2) independent contributions of navigational position, course, and speed

errors.

This analysis further assumes that the onboard computation of target posi-
tion is optimal, i.e., the on-board computer performs an unbiased minimum-variance
statistical analysis of the data; this is feasible in real time, but perhaps it is not cur-

rently done.

Additionally, this analysis assumes a straight aireraft path, but it is
generally applicable to known curved paths, known up to the navigation error. Plus
heavy use of assumptions is made of data independence and normality, whenever

y ! A

reasonable, without explicity calling them out.

Finally, it will be observed that considerable simplification of the results
is obtained if the passive ranging is performed symmetrically with respect to the
aircraft y (wing-to-wing) axis, because by taking "looks" in this manner the esti-
mators for the target position variables become independent of each other. Conse-
quently, this procedure is assumed for our results, which, e.g., is not valid for
passive ranging {rom a forward looking radar alone.

D.2  ESTIMATION OF BASELINE SLANT RANGE

Consider the two-dimensional passive ranging problem. TFirst studied is

the error in baseline range, R.
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\ X

X - X

. SO .
If there are n beams, ineffect 5 independent samples are taken at angles given by:

g -
gi--r—\(21 1) i 1,...2 (1)
Let
2n
f)
2 2 2 4n”
o (Oi)- G = A *né (2)

2% . H y A ) .
where = is the effective beam width and A is a measurc of the angular measurement

precision (sigma) relative to beam width (tvpically mE
- Y

Let:
R = true distance, target to flight-line
X = axis is flight-line, and x is true point of closest approach.
R (x-.\'o) tan 0, where 0 is true target bearing.

A
Unknowns are R, X and 0. However, there is an estimite X” for the point of

closest approach and the errov-contaminated bearings are

A

0 0+60
- . : . A .
Therefore target-to-flight-line distances, Rj, have been estimated

/\ ; /\
“i (Xj = Xp) tan (65 + 60 )




An estimator is required

A ~ |
R = 2 Ci R; H
i
that is unbiased and has minimum variance.

A
R

I

A
p> Cl (Xl - XO) tan (01 +80i)

A
2C; (X; - X) tan (85 +80,) + (X, ~ X ) £C; tan (0; + 86;) @)

Since

E [tan (§; +86)] - tanf;
A A
ER = IC, (Xj - X) tan §; + (X, - X)) ZC; tanf; = R 2C;
A
+ @& - X)2.C; tan

A A
In order for R Lo be an unbiased estimator independently of errors in XO, 1

it is nccessary and sufficient that £C; = 1 and =C; tan ¢; = 0. The 6; is not known,

so !':Ci tan 6; = 0 is not of practical value, but going back to equation (3) it can be

seen that

gives at once
A
R= ZCi X - )xo) tan (6, +60]..)
A
ER = ECi (X-Xo) tang = R X Ci
4 so that
£C;=1, ICjtan (0;+60;) = 0

are the necessary and sufficient conditions for

7A) A
R = ECi X - XO) tan (0; + 50i)

D~3




A
to be an unbiased estimator: ER = R,

&' independently of errors in Xo.

A
b The key expression f{ = ECi (Xi - Xo) tan (0; + 8 oi) implies, if the 80i are
independent with zero mean and common variance o2 (0), that

C2
A :
o? ®)=0® 0z - )
i
where
cos4 (gi +8 oi)
] Ly fp- e DT T
1 A
% - X )2

It is then desirable to minimize EC?/Ki subjectto 1 - X C; = 0 and X C; tan (6;+ 86,) = 0:

Write
A f : q
oi or 0i +6 oi.
Considering
G gy :
K " )\1 a- ZCi)+A2 (- 2C; tan 6;) ;

1

it can be seen that

2, )
-K.—--Rl-)\ztanai;o

1

Multiplying by Ci and summing,

E—K —’\1:001'

A
2 o2 (B

M=% 5
2 K, a% 0

>
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.

Multiplying by K; and summing over i gives

A
2 -2 ZKi-A EKitanoizo.

1 2

Muiupiying by ¥, tau di and summing gives

2

N N
0-?\1 EKitanei-—)\ EKitan Oi—O

2

first dividing each equation by 2,

2

N
J\l i EKitan oi
g = 24 N2
EKizKitan 6i-(2Kitan6i)
where:
A
cos40.
K, = .
) SRR T )
(Xi-XO)

A A
The situation is: Whatever is used for X will give an R that is an unbiased
A
estimator, but the variance of this estimator will depend on XO. Equation (5) shows
N
how to select the c's for given X, so as to minimize that variance, but that minimized

A
variance will depend on Xo’ Equation (5) doesn't really explain how to sclect the c¢'s;

an additional step shows that

K; ZK; tan23j - Kj tan Si IK;j tan (’)‘j

C,; =
i ok 2d 2." 4 /\_2
LK IKjtan®0; - (TK; tan ¢j)

but Equation (5) does tell us the resulting value of

a2 R

020

A .
What has to be done is to select Xo so as to minimize (5). This presents

problems, since

R - (Xi o XO) tan 01

®)
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For each i, then _z_xgproximatel_y, if the errors in 6 and in X, are not too

great,
X
A —
A
R& ginf, ——2
i cosai
or
A
K; ¢ sin 2 8; - (liﬂi/R2 (6)

A
This removes Xo from consideration and no optimization with respect to
~ A
Xo remains. In effect, what has been said is that near the best Xy» which is near

the correct X, as well, the optimum is relatively flat. Then (5) becomes

A 42
Mmoo sin” 6 ;
e et s o 4 A 32 A2 ™

a” (0) Isin” g, cos 5i Z sin 0i~ (Z sin 0i cos oi)

This is the limit using actual values of bearing (observed) (I)\i. Matters
become simplified when assuming continuous or evenly-spaced looks. The sgnared
term in the denominator of equations (7) or (5) is the square of 2 sum thut goes 1o
zero if the same looks are taken going and coming. That is, a look at 0 and one at
- 0 cancels each other in the sum. The squared term might be consxdered as a
loss of precision due to failure to take advantage of some looks. Dropping this

squared term

25 ®)

or in terms of equation (5),

A
A cos §,
et w1
(Xi-xo)
2 A X - X"
0" Mo (o)/z W
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Substituting in equation (2)

oR)=2mAR ¢ () 9)

where
n/2 -1/2
¢ (n) = %( 21 sin20i cos? Oi) (10)
and where
m Ny
0;=5@i-1 11

The function ¢ (n) is tabulated in Table D-1.

D.3 ESTIMATION OF DOWN-RANGE POSITION

The following procedure is not necessarily optimum; it depends on the
assumption that the value of R (nainely ﬁ) discovered is alsc optimurm for estimating
X, This obviously is not necessarily the case. As a matter of fact, finding R and
X, from the observations with the objective of minimizing their CEP could have been

done, but the algebra would be extensive.

Using the same assumptions as in equation (2) and adding the selection of

~
R as optimum.

4 B )
Sy = B tan p; (i2)
Again

A >
XO C_ 3 Ci )\Ol

R
Xot=%i “tanz,

0i




TABLE D-1. COMPUTATION OF ¢ (n) FOR PASSIVE

RANGING PRECISION

No. of Beams Value of ¢
4 .353553
6 .272165
8 176777

10 .126491
12 .096225
14 076360
16 .062509
18 .052378
20 .044721
22 .038764
24 .034021
26 .030172
28 026997
30 .024343
32 022097
34 .020176
36 .018519
38 .017076
40 .015811
42 .014696
44 .013705
46 .012821
48 .012028
50 .011314
52 .010667
54 .010080
56 .009545
58 .009056
60 .008607
62 .008194
64 .007812
66 .007460
68 .007133
70 .006830
72 .006547
74 .006254
76 .006037
78 . 005807
80 .005590
82 005387
84 005116
86 .005015
88 L004845
90 004685
92 004533
94 LGU4389
96 L004253
98 004123
100 L 0014000

e e e ——————— e

A

=
s

pa—
e ———T



s et G Gl s il ARSI ;o5 - AT - e T

1 ~ ~
202 g, 2!
g5t R2 07 (@ cscly

02 (Xoi) ~o2'R

1 - .
£ —5. =R%9% ) sc? csct 5, (13)
tan”™ ¢,

02 X) =92 RYC

Which must be minimized subject to the constraint £ C; = 1.

Reasoning from the results of equation (2), it is obvious that if the obser-
vations are symmetrically disposed about 6 = %then, provided that C; are likewise
assigned symmetrically, the result will be unbiased by errors in R. In fact the pre-

cise condition is, by inspection, that

c?

El = 0.

2
tan ei

Equation (13) can be simplified as well (interchanging 8 and @; to simplify the analysis)
. ; 4
o2 ot =R ) cac™ g
2

0% x )= R%02 (%) xcf csct o, (14)

Referring to Appendix E*

K1 = R” CSC" 6,
and, directly ) L
1 ¢
2 o 2 A 15 i
Y (XO) =0“ (8)) 1 (15) |
R2 csc? o, S
|
Thus, combining the results with equation (1) I
)
0(Xg) =2 TAR Y (n) (16) b

*Appendix I presents a technique for finding the minimum - variance estimate of a i3
mean value, !
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where

1
Y @)=
n (% sin? Gi)l/z—

The function ¥ (n) is tabulated in Table D-2,

D.4 SIMPLIFICATION FOR LARGE N

If n is large (say 8 or mor
be replaced by integrals

m
- 2 i
fsm 0; cos 0i80i =g
o
n

fsin46. B, =28
o Bt Tt

So that, roughly,

2 .‘/ b s
ORQ————H‘:‘AR g:‘l—“n A-R—

2 "AR 1,

\[_

OXN

Then

CEP ¥ 2_"_3
n

(1.178)

il

CEP% 5, mzAR
& 0.88 R o (0)

And, if P is the fractional number of times observe
observations

. 0.88 Ro (0)
CEpz 225200

D=10

d relative to the possible n/2

(17

e) then the sums in Equations (10) and (17) may

(18)

(19)

(20)

@1

@2)

(23)




TABLE D-2. COMPUTATION OF ¥ (1) FOR PASSIVE
RANGING PRECISION

No.

of Beams

Value of ¥

38
40
42
44
46
48
50
52
5
56
58
GO
62
64
66
68
70
i
T4
76
78
80
82
81
86
88
90
92
94
96
98
100

O

002309

353553
<15%135
.102062
L073030
.055556
.011087
036084
. 030241
. 025820
.022380
L019642
017420
.015587
.014055
+O12758
.011649
.010692
L 009859
L009129
. 008184
007915
L 007102
006532
L006159
L006159
.005820
J0055611
005228
L 001969
Q04731
L004511
001307
001118
003943
L 003780
L 003628
003486
L000052
. 003227
L003110
L002000
. 002896
002798
L002705
002617
002534
002455
LQ02380

R e
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D.5 EFFECTS OF NAVIGATIONAL ERRORS

It has been assumed that the navigational errors are small and essentially

constant over the time of target observation.

D)
Leto 2(M:md ¢ ~(vi)be the variance of position navigation along and across

the track, respectively.
(Approximately,o X =0y = 0.319 CEP (Nav)).

Let:

™ “v be the variance of ground speed estimation (v).

o2 en be the variance of heading (0n).

It is assumed that the drift angle is small and that in the passive ranging

calculations corrections were made for the predicted drift.
The effects are as follows:

(1) The navigation position variances simply add to the passive
ranging position variances.

(2) The speed error causes an error in &i‘ proportional to
(X5 - X ), hence it is equivalent to a scale correction of
Av/v as far as R-measurement goes, It has no first-order
effect on X, measurement in the symmetrical case, provided
¢X,0y are taken at the point X .

The heading error enters in a complex way, if large. However, if small
compared to 6, it has, by symmetry, no first-order effect on R, but displaces Xo

by an amount R sin (30,2 R20y.

Thus,

e (T P 2 e .
9% (Xg)=0* (.\U) £0° (X) + R™0 (On) (2:1)

[§S]

ada . o & 9
02 (R)!‘ful R) ¢ ()3 (v) A-BI-)»— 07 (v) +
v2

My
( ;¥———,) DIS (25)
(HA H,l.)
where: DIS = ground range to the target
H.]. height of the target
HA height of the aircraft

D-12
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Or, to use the simplified formulas
— 2
52 (X ) - &’A_zl_‘_ +0.72 [CEP(Nav)]2 + R2 02 @) 26)
n
2
2
52 R) = 3“”‘[\';{ +0.72 [CEP (Nav)]2 + 02 v) 27
n

Ignoring the CEP (nav) terms, assuming in effect th
removed via relative positioning, the navigation
over) when, roughly

°(9n)e‘/;% (%) : (28)
o(V)= \,, 0(01.) (29)

at the position errors are

al errors become dominant (i. e, s CEOSS

or

n.—lm




i APPENDIX E. MINIMUM-VARIANCE ESTIMATE OF A MEAN VALUE

Consider a number of independent measurements x; made on a quantity x to
ascertain a best value for some function y=fx). Let

¥ - f(x;) (1)
Using small-error and independence assumptions, we have *
02 (yj) = Kj 02 (x;) )

where 02 x5), the variance of the ith measurement, is assumed a constant for all i
and

2
| af

Let us use a linear unbiased estimator . Hence,

ARl

¥y = IRy, “) .
where for normalization we set \

XPi = K

chosen for best fit, i.e., minimum variance. By standard formulae we have

a2 = = Pi2 o? vy)- ©6)
Minimize equation (6) subject to the constraint equation (5) using a Lagrange ‘
multiplier A, ‘ "i
Let
U= 2Pi202 ) + A1 - XPy) @)
~02 2! 5 ) - "
U=o0 (Xl.) Epi I\i + A1 - lIi) (8)




and let
2 N2
o (xi) — Oo
Hence,
A s Pap K A=
o ot
oP.
i
and
;;g 5 zPi = 0 for minimization.
Solving
P, =
i 2 and
200 K
2
2 20,

E-2

oy 3 e

VA o i ot VN
9 ‘
(10)
,E
]
11) ¥
9
b
(12)




We can also show that this linear unbiased minimum variance estim

is maximum likelihood, For a particular estimate

A
Y= ;:aJyJ’

5]
the value of the log-likelihood function is (letting "fi*“~ o2 (y].))

]
-3
20!
i
s 2
s = = d‘i.\)
. = s
2o
i
Hence,
2x.-Ta. x)
o SRR e e
da k &~ 5
k : 20%
i

For maximum likelihood, equation (13) must be 0 for all k.

Hence, we must have

X. 2,:.'\.}(.
Lo~ =l i
1 42 - 2

(J',i 1 O.ik

But this will be true only for

9
l/oi* i
a = ——

7 L
” 1/0 )

E-~3

B

ator

(13)




Now setting

and rewriting we get

1

=TT = D
Y“WKTik -F
1 e
L
S0 our above estim

ate is maximum likelihood also.
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APPENDIX F, INDIVIDUAL SENSOR PERFORMANCE MEASL'RILJ

F.1 INTRODUCTION

The EVAL routine computes a measure of individual sensor contribution to

the overall effectiveness of the AIRS System.

F.2 DERIVATION

Two measures are derived of individual sensor contributions that are
theoreticaily sound and computationally simple. One is called the "scaled" measure,
and the other "unscaled'". Each rests on different assumptions; hence, the analysis
will result in two sets of M numbers: Gj and Bj. The numbers are between 0 and 1
and represent the unscaled and scaled contribution of sensor i, respectively: the
larger the number, the larger the contribution. The input data for this problem con-
sists of an M x N matrix Pii' 1=i=DM; 1< j<N. The input M represents the number
of sensors; N represents the number of target sightings: and Pij is the probability that

sensor i detecis target sighting j.

Consider a situation with just one target sighting, i.e., fix j constant,
Let P.j be the overall detection probability that at least one of the M sensors will
detect the target. Then ch is precisely one minus the probability that all sensors

see nothing,

The probability that sensor i does not deteet the sighting is 1 - Pji. Hence,
assuming the sensors operate independently, the probability that not a single sensor

detects is

\

—

l

i (- Py) (1
1

. —
il

Hence,

M
[).;_1_..-- (1_1)_
|
¢ i-1 ;

: 2
J) (2)

Note: Cap pij and lower case Pjj are used interchangeably in this Appendix.

F-1
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Let a particular sensor k be fixed and removed from the AIRS system

Let p;\J be the overall detection probability of target passage j for this new sy
M-1 sensors. By the above argument,

stem of
Pp;=1 —D(x - Pjj) @)
i7k
but
M
o a-py
11 =-P.)= i=1 “)
i# s T- P
so
M
PKJ =1- il-—‘l e Pij) ()
- D,
(1 I,\.J)
R TR
= i=1
AR = P]\J)
or, simply,
.- Py
P = Foj = P (6)
1 = Pg;
An excellent measure of the usefulness of sensor k is given by 1)— /p
the ratio of total detectability without sensor k to total detectability with it. If lhlS
ratio is close to 1, sensor k is not very important; if it is neal 0, Kk contributes
quite a bit.
I'o make this a direct rather than inverse rol tionship let
Py
% = 1= "Ki (7)
s
-)

be defined as the fixed target contribution of sensor k to oy crall

AIRS performance.

poo




The case where Pai = 0 is an exception: xkj does not exist. Sensor k

could be assigned a measure of 0 (after all, the system loses nothing by eliminating

k since it had nothing to begin with), but this would be unfairly prejudicing the

measure; likewise a value of 1 is plausible (sensor k provides all the system capa-

bility - nothing is all of nothing), but for the same reasons is unfair.

assignment is made of any i for all sensors k when Pej = 0.

An algebraic simplification of xij is shown below.

Py;
L R 5
°j
A
o) 1]
= 1 b s
i-P,
ij
Py
Boap
e e T
P.-P. P
oj e ij
P =B P . P &P
o ej  ej ij ej T ij
PowPoPr e
oi ej ij
D - b D
Pij = Py Yo
Poip B
.] ]_] .]
- B >}
1 - Py P
F,, - Py,

Equation (3) is used to compute xij'

Hence, no

(%)

To derive the final measures the Xjjrg ATC combined over all target sightings

i for which xij'c exist. Two different integration procedures are plausible: therefore,

two diffecrent measures are found.

i N




First, assuming all target sightings are equally important then
average will suffice; that is,

a straight

1
CY]" = N‘i lej (9)
- where the sum is taken over all j such that Pej 70 and N' is the number of such j's.

This is called the unscaled measure.

However, it may be desired to assume that all detected target

sightings are
equally important.

It is not known in advance whether or not a particular ta

rget will
in fact be detected, but this can be taken care of by s

‘aling the measure in proportion

to expected target sighting detections. In other words, instead of a straight average
over the x..,

ij's a weighted average is formed with weights equal to the overall detec
probability of sighting j. Thus,

tion

ﬁi P',1 Xjp t P.2 Xigt oo PON' Yo'
P‘1+ P‘2+ <+ .t Ponp
1
EZ-};:] Ej P‘j xij (10y

j

where the sum is over all j such that p‘j¢ 0 and N' is the same as before. This is

called the scaled measure.

The difference between the two measures is easy to appreciate. Supposc

one sensor provides 90 percent of a 0,01 system detectability for a given target and

a second sensor provides 50 percent of a 0. 99 detectability for another ta reget. Rela-

tive to the two targets, the first sensor contributes more than the second to overall

effectiveness if unscaled measures are used, while the reverse is true for a sealed

analysis,

Using the above algebraic simplification,

are shown as.

the final forms of the two measures

; Fei
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oa ) o I
aj=L 5 Pij 1-Tej (1)
N 1- pij P.j

1

1 P:5) (1 - Pys)
B, = . : (12)
ZP.j 1- Pij
F.3 CRITIQUE AND ANALYSIS
F.3.1 Introduction

This paragraph discusscs several aspects of the measures that add to their
usefulness and increase the reader's understanding, Included are three completely
resolved numerical examples. Each example consists of two tables: the first gives

the pij matrix, the p‘j vector, the overall expected detection vaiues, and the

! 2 i p R et :
p.J/zj: p.j ratios; the second includes the J\ij's, the a,'s, and the 6i S.

F.3.2 Expected Values

For a given sensor i, the sum of pij over all j gives the expected target
sighting detection value, i.e., the expected number of passed over targets that sensor
i will detect in a given aireraft run. It is important to note that neither aj nor B are
necessarily in proportion to this expected value. If several sensors have similar hich
detection probabilities over a set of sightings, then they all have large expected values
but small «'s and 8's. This is for the simple reason that the system loses nothing if
one of these sensors is removed, because individual con{ribution and importance, ave

measured, not frequency of detection. (See examples.)

However, the f measure for a sensor can he related to a meanineful ex-
pected value percentage. In the same way that }lipii is the expected detections for
sensor i, X p.j is the expected number of target sighting detections for the overall

J

systems. (Hercafter denoted by ED,)




Hence,

= M . (l‘g)
ED

where Ex Dj— is the expected target sighting detections with sensor i removed from
the system. So therefore

ED-
fo= 1=t (14
L ED

In other words (interpreting equation (14),.31' is the expected percentage (decimal) of

overall system target sighting detections that will be lost if sensor i is removed.

F.3.3 Marginal Contribution of Seusors

A brief defense of the methodology used in the construction of the measures
is given.

Basically, it must be realized that a given sensor does not contribute its
entire detection probability to the system effectivencss for a particular iarget. The
addition law for independent events in probability theory guarantees that the whole is
always less than the sum of its parts. For this reason using Pjj as the measure is
unsatisfactory. In particular, the direct measure pii’/pﬂ o\'on:stim:uos contribution,

while the inverse measure underestimates it.

I'=u




To fairly construct a measure the marginal contribution of a sensor must

be studied. It must be found what sensor i contributed to the system that it did not
already have. It is precisely for this reason that pjj was introduced (note that p‘ij +
P.. oF5 ir : s w re . - Pr. (di : T o

ij # p.J) Fair measures would then have the form po] pl} (direct) and le/pOJ
(inverse} which are precisely what the £ ande measures, respectively, are based
on,

F.3.4 Use of the Measures

It must be remembered that @ and 8 are primarily measures of individual
contribution compared to the overall system and should be interpreted in that light.
In the case of the B measure (which has a direct expected value interpretation) intra-
sensor scale comparisons can be made, i.e., sensor i is twice as imporiant as sensor
k, but, in general, results of the analysis should be stated in terms of the ranking in-
duced on the sensors by the measures (sensor i is the most important, sensor k the
least). The « induced ranking sometimes differs from the B induced ranking and

sometimes does not. (Compare Examples 1 and 2.)

Any change whatsoever in the system can vastly change the values of the
measures. Therefore it is erroncous to conclude that the two or (hree lowest valued
sensors can be eliminated from the system without much cffectiveness loss. Rather,
only the least valuable sensor can be dropped and the measures must then be recom-
puted for the resulting system. It is possible that a previously low ranked sensor will
be quite important in the new system. (Compare, using @ measures, Examples 2
and 3.)

F.3.5 Indepcnc_i_cnce

An assumption made in the derivation is that senscors are independent, thus

allowing the combining of probabilitics by taking products. Although it is assumed, it

is not entirely obvious that it is a valid assumption. The fact that the sensors are

¢ . . ek g =4 i
physically independent is not enough to guarantee statistical independence. For in- ‘
stance, if one sensor works better at night and another during the day, then the two |
are not statistically independent even though there is no physical connection between 1

them, i.e., knowing the performance of one of them helps in guessing the perform-

ance of the other,




If no independence is assumed, the measure can still be computed if all
the conditional distributions are given. Of course, Pej and Pjj would be calculated
differently and xij would not algebraically simplify. *

F.3.6 Degeneracy

Looking at the simplified form for xij’ it can be seen that degeneracy oc-
curs when p.j = 0 or pij = 1. The former case has already been discussed; sensors
are given no value for that target. If pij = 1, the value 1 is then assigned to xij‘

This is the obvious thing to do - sensor i provides all of the system capability.

That xij = 1 in this case can also be demonstrated formally. If pij =il

then p.j =1so pij = p.j. Hence,

P.. 1- p.j
X, = X

*However, it is certainly not possible to obtain these conditionals.




EXAMPLE 1

3 Sen

50rs

3 Targets

p..

e

-
- %

1)
e Sensor
Target Target Tzu' get Expected
1 2 g
Value
Sensor 1 0.9 0 0 : 0.9
Sensor 2 W 0.8 0 0 0.8
e : 1
Sensor 3 | 0 0.1 0.2 0.3
B 0.98 0.1 0.2 e taag |
o . = \\,.
P.,sp. 0.765 0.078 0.157 e il
ej/~ ‘e
.
1)
Target Target Target ! aj ‘ Bi ‘
1 2 3 }
Sensor 1 0.183 0 0 || o0.061 J 0.110 }
Sensor 2 0.081 0 0 l 0.027 | 0.062 i
e ——— e e REURSUCRSIS,
Seasor 3 0 1 1 L 0.667 0.235 J‘
1'=9
SRR e T M—-—-—-——-__'—.
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EXAMPLE 2
3 Sensors
2 Targets
Sensor
Target Target Expected
1 2 Value
Sensor 1 0.9 0 0.9
Sensor 2 0.8 0 0.8
Sensor 3 0 0.1 0.1
P, j 0.98 0.1
. —
p.j/}. Py 0.907 0.093
Xee
1)
Target Target ai Bi
1 2
Sensor 1 0.183 0 0.092 0.166
Sensor 2 0.081 : ¢ 0.041 0.074
Sensor 3 0 1 0.5 0.093

T




EXAMPLE 3

2 Sensors .
2 Targets

e Sensor
Target Target Expecied
1 2
Value
Sensor 1 0.9 0 { 0.9
i
Sensor 2 ; 0 0.1 0.1
p.j 0.9 0.1 —
v P
p”./~p°j 0.9 g1 e
X,
1)
T 8 S,
Target Target aj 8i
1 2 ‘
Sensor 1 1 0 7 0.5 0.9
)
Sensor 2 0 ey J 0.5 0.1
- - S e —————————— i ———————— a—————————)




