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PREFACE

This reference document was written by Mr. Gilbert C.

Binninger, Dr. Paul J. Castleberryq__Jr.. and Ms Patsy M. McGrady

under the supervision of Mr. John W. Burfening of tne Physical

Vulnerability (Nuclear) Branch of the Targets Division, Defense

IntelligeiLce Agency. This document presents in detail the

mathematics of selected port'ons of the Defense Intelligence

Agency pub ication AP-550-1-2-69-INT, "Physical Vulnerability

Handbook - .Auclear Weapons (U)," 1 June 1969. The appendices

present the logic flow, necessary equations and constants

needed for computerization of the PV Handbook. Illustrative

programs written in BASIC language are included with each

appendix.

Suggestions for additions or improvements to this document

should be transmitted to

Director
Defense Intelligence Agency
ATTN: DI-7D
Washington, D.C. 20301
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I. INTRODUCTION

The Defense Intelligence Agency publishes "Physical

Vulnerability Handbook - Nuclear Weapons (U)," AP-550-1-2-INT,

for the use of operational planners, target officers, and

physical vulnerability analysts concerned with the employment

of nuclear weapons and the prediction of their effects. The

/ methodology presented in the PV Handbook allows for target

hardness, weapon yield, weapon delivery system accuracy,

height-of-burst, and doctrinal requirements to be considered

in practical targeting problems.

The ancestors of the PV Handbook1 ' 2 omitted mathematical

formulations to decrease their bulk without detracting from

their day-to-day effectiveness. The result is that today the

"Physical Vulnerability Handbook - Nuclear Weapons (U)" presents

only tabulated data, graphs, and other computational aids for

solution of practical problems and almost completely omits

the mathematical formulations needed to understand the system.

s1"Target Analysis for AtomicWeapons", AF-628202, by the
Physical Vulnerability Division, Directorate for Intelligence,
Headquarters United States Air Force, PV TM-14, 30 June 1954.
2 "Nuclear Weapons Employment Handbook (U)," AFM 200-8, by the
Physical Vulnerability Division, Director for Targets, Assistant
Chief of Staff, Intelligence, Headquarters United States Air
Force, 1 May 1958, SECRET/FRD..
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This publication is intended to be a reference work con-

taining the detailed mathematical formulations whih. constitute

the groundwork of the Physical Vulnerability system and in

particular to assist those doing computer calculations. This

presentttion is especially needed to document.Change 1 to the

PV Handbook which was issued .1 September 1972. Change 1

dropped the circular coverage function and adopted the

cumulative lognormal function to describe probability of

damage as a function of distance from the detonation point.

2



(. II. ANALYTIC APPROXIMATION TO THE DISTANCE DAMAGE FUNCTION

A. Factors Leading to Choice

In 1951 the Hiroshima and Nagasaki data were analyzed 3

Sto determine the damaging overpressures and variation in davage

with respect to overpressure for the various types of structures

found at Hiroshima and Nagasaki.

These data were insufficient to determine the precise

mathematical form of the probability of damage as a function of

pressure. However, after the evaluation of several analytic

approximations, the cumulative lognormal function (a cumulative

normal function with logarithmic variable) was chosen as the

"best fit to the collected probability of damage versus pressure

data.

Probability of damage versus range curves, referred

to as distance damage functions, are generated for any desired

height-of-burst (HOB) by combining the pressure-damage curves

with pressure vs. range curves for the desired heights-of-burst

(HOB). These distance damage functions are numerically inte-

grated to obtain the weapon radii for Part I of, AP-550-1-2-69-

INT (See Appendix A).

3 "A Classification of Structures Based on Vulnerability to
Blast from Atomic Bombs", Technical Memorandum No. 4, Physical
Vulnerability Branch, Air Targets Divisiun, Directorate for
Intelligence, United States Air Force, 2 March 1951.
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To simplify the probability of damage calculations

in Part IV of AP-550-1-2-69-INT when weapon delivery error is

included, the actual distance damage function described above

is approximated by an analytic function. In order to give

sufficiently accurate results for practical applications,

this analytic function must comply with certain characteristics

of the actual distance damage function. PV TM-14 4 showed that

the chosen mathematical model must closely approximate the

actual distance damage function in the maximum level of damage

expected in the neighborhood of the ground zero and in the

distance at which there is a 50% probability of damage. Also,

the relative slope and general shape of the analytic function

must agree within reasonable limits with the slope and shape

c•f tne atu!di-tzta•.•_ d&-i.ag- ~a

Historically the Cirdular Coverage Function (CCF) has

been used for this approximation. However, for targets ha.-ina

damage sigmas greater than 0.3Z the_ CCF ".... ... tz -'i ,

the requirement that probability of damage be near 100% at

ground zero. Therefore, beginning with Change 1 to the 1969

PV Handbook, the complement of the cumulative lognormal function

4 "Target Analysis for Atomic Weapons."

4



is used as the analytic approximation to the distance damage

function. These two approximations for the distance damage

function are virtually identical for Qr: .10 , differ at most

4 percentage points for cA=.2,0 , and differ at most 6 percentage

points for r=.30 . These differences do not cause significant

differences in calculated probabilities of damage when weapon

delivery error is included. However, significant differences

in calculated probabilities of damage can occur for OGdx of .40

and .50.

B. Analytic Form of the Lognormal Distance Damage Function

In Part IV of AP-550-1-2-69-INT the actual distance

damage function is approximated by the complement of the

cumulative lognormal function in order to simplify probability

of damage calculations. The lognormal density finction with

variable r and parameters o and f is expressed mathematically

as

for r > 0 where iii is the natural logarithm. The standard

notation has r and M interchanged in the exponent, however,

Sthe forms are equivalent. This density function is plotted in

Figure 1 below for several values of for d=-.

Sc5
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FIGURE 1.

It can be shown that R(Y,; L,1 ) is a density function

over the domain (0,06) by letting and noting that

lim[P•-o and lirn _O
r- oo , r-P-o r

Therefore,

e c~f )-'-~e 4JL =

The parameter C( , which is the median of the lognormal

density functicn, is r 5 0 , the distance from ground zero at

which there is a 50% chance of achieving a specified level of

damage, i.e., f" - -r- '/z • The parameter is the

6



standard'deviation of kr.

The cumulative lognormnal function (i.e., the

distribution function) is expressed as

P(r) =ý drr

0V 0

where ~(r)=

A graph'ical representation uf P(r) is shown in figure 2.

.0

FIGURE 2

Since the distance damage function P d(r) is monotonically

decreasing it is expressed as the complement of P(r).

Pd) W l-P(r)

(r (r)

d -ý= --I~

I

e C



where z(r) =

The distance damage function, Pd(r), is depicted in figure 3.

1.0
Fd(Cr') .

r -

FIGURE 3

Note that the damage function Pd(r) is the complement of a

cumulative distribution function, not a density function, i.e.,

cirand (P (r) d r
0

Since Pd(r) is a cumulative function, it represents the

probability that a target will receive at least a specified

level of damage. For instance, if Pd(r) is being used to

describe severe damage, l-Pd(r) is not the probability of

survival, but the probability of achieving less than severe

damage.

8



III. PARAMETERS USED TO DESCRIBE THE DISTANCE DAMAGE FUNCTION

A. Definitions of WR and T, Parameters of the Distance
*, Damage Function

Given the analytic form of Pd(r) from Section II.B.,

the parameters o. and 3 uniquely specify the damage function.

Historically, however, the DIA PV methodology has used the two

quantities weapon radius (WR) and distance damage sigma (04 )

instead of o and to describe Pd(r). The quantities WR and

Cr4 are constructed from the first two moments about the origin

of the lognormal density function. Specifically, WR='V1rx>
2and T <r where the first moment <r> and second

and )

moment <r2> are defined below.

<r = r1 2I~r~d-,JP dr~fj P(r)dr~ f r(4)dj )d

<r d r dr a ) -lr

The last transition on each line is achieved through integration

by parts. The procedure for the numerical calculation of <r>

and <r> for any distance damage function is presented in atpendix

A.

The functional relationship between CL and and WR

9 I
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and T will be derived in part C below.

B. Conceptual Descriptions of WR and O-

The weapon radius is the square root of < r> , the

second moment of the density function associated with the

distance damage function. A more conceptual definition states:

Given a uniform distribution of like targets, the WR is the

radius of a circle centered at the GZ that contains as many

targets undamaged to a specified level inside as there are

targets damaged to a specified level outside. Thus if the

undamaged targets inside the circle are replaced with the

damaged targets outside the circle, the circle of radius WR

would enclose an area entirely damaged to the specified level.

Expressed mathematically,

Number undamaged (
inside WR f P r)) rdrde

o 0

2V
Number damaged C r
outside wR r

Equating these and simplifying,

WR2  2 zr P(r) dr r Z2(r'-cL,[)dr:<r2>
0 0

i.e., WR2 is equal to the second moment about the origin of the

lognormal density function.

The mean area of effectiveness (M.A.E.) of a weapon

10



is defined as the area over which a weapon on the average

achieves at least a specified level of damage:

M.A.E. = ff ,4(r) rdrde = R"T

The mean area of effectiveness of a nuclear weapon is a circle

of radius WR.

The second basic parameter of the PV system is the

distance damage sigma, 0 , a number between 0 and 1.

3 __ __ __- r>

Cr. is a measure of the variance of the density function. It

is the variance made dimensionless by division with the second

moment. Small a's indicate a relatively rapid fall off of the

damage function. Large O*s indicate a more gradual fall off.

The damage sigma should never be confused with the derivative

(slope) of the damage function.

C. Evaluation of WR and (r4 for the Lognormal Distance
Damage Function

In order to evaluate WR and crA in terms of the para-

meters OC and P of the lognormal distance damage function,

it is necessary to evaluate the first two moments of the

lognormal density function.

11
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By definition, the first moment, <r> , of the

lognormal density function is

<r> = rr(r; a,, dr : ••r e- r
~ e dr

o o

As was stated in Section II.B., the parameter CL is

r,,, the range where there is a 50% probability of damage.

Letting r' which is equivalent to letting r-, r -

the above equation becomes

< rr5o >

r5 0

Completing the square,

Since ( "•j÷. I ,the first moment is

r> =r.o 1

12



The second moment,<r 2 >, of the lognormal density functior

is defined as

S•r2
S<r> r -p('r-cL,1) dr

Again using the substitution r- rs - , this becomes

Z+ r> =-j•• .d4

By completing the square,

- zi

•i,~~ +'t --- 20
<r r.0 Le

+..p

Since YZ- I. e I ,the second moment is

A 2

< r = r.5  eP

Using the-above results for'<r1 >and the definition

WR , the WR is given by

WR= r. 0 ee eP

13
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The above results for <r> and < r-'> can be substituted

into the equation for Ox to obtain

2.
a =2 : < rl >: - -

This can be inverted to obtain for the lognormal distance

damage function if the distance damage sigma is known. The

inversion gives

The expressions for WR and Cr can be combined to give r50 -soL

if WR and q are known. Specifically,-

r.0 ECL W WR1

14
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// Iv. COMBIi'D WEAPON EFFECTS

When a target is primarily susceptible to one weapon

effect, then the WR and or of that effect alone are used in

predicting damage to the target. For example, a single story

wood frame dwelling is primarily susceptible to overpressure

and therefore it is designated a P (for overpressure) target.

In this case the probability of damage to the target is cal-

culated using only the appropriate WR and cq for overpressure.

In some cases, however, two or more weapon effects may

significantly contribute toward damaging the target. For

example, personnel casualties may result from blast effects

and/or radiation effects. In these situations the weapon

radius has a larger value than it would have for either effect

alone. The DIA methodology assumes the independence of effects.

Therefore, the combined effects weapon radius is estimated

without allowance for the possible greater susceptibility of

a target to one effect because of exposure to another.

If three independent effects (i = 1, 2, 3) are considered,

and the damage function for each is given by

L• e,(r)

where i(r) = -,L



-. -' ....

and, Ga I

then the combined distance damage function is

Pd(r) = --(i-P 4 (r))(I- Pd(r))(I-P 4l(r))

=fr(IP 4 ýr)X I- P.(r))]3t I - (l

=dj I-I~ (r)XI-'P 4 3( r))

where Pd (r) = I-(I-P4 r) I- PF (r))
12

The above formulation represents the combininq of two of the

effects and then combining that resultant effect with the

third.

The weapon radius of two combined effects, WR 2 , is5

: ~where

=e . e

WR 2 2 r Pa (r)r R WR ' P,() r)r

5 The derivations cf ccuations 1 and 2 are presented in detail
in Appendix B.

16



and

The first moment when two independent events are combined,

, is derived in the same manner.

< r = <r> +(L>- < f(r) P 4 (r)dr

<,>= <r,>B(Z'(WR,1)) + <r,.> B(Z'(WRL) (EOU. 2)

The distance damage sigma for two combined effects, , is

found using

• d,2.= I - r,_ >

A computer program for calculating the weapon radius

and damage sigma for two combined effects is presented in

* Appendix C.

17
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V. WEAPON DELIVERY ERROR

The circular error probable (CEP) is a measure of weapon

system accuracy. It is the radius of a circle centered at the

"desired ground zero (DGZ) within which 50% of the impact points

will fall if the distribution of impact points is assumed to be

normally distributed about the DGZ. Expressed in'thematically:

Z1? C•P X

(( i

The standard deviation, a•, of the impact point distri-

bution is often expressed in terms of the CEP as follows:

r 

E_

1 2 I-e

.Co

C S
0. o8'49 3Z CEP

or

: CEP - 1."7 1 o

18
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VI. PROBABILITY OF DAMAGE CALCULATIONS

A. Point Targets

By using the damage function presented in Section II.B,

it is possible to predict the probability of damage to a point

target if the offset distance from the detonation point to the

target is known. In general, however, all that is known is the

distance from the aim point to the target. The actual distance

from the weapon detonation point to the target is uncertain due

to inaccuracies in the weapon delivery system. Thus the results

of an attack can not be predicted with certainty; all that can

be predicted in most cases is what is most likely to happen, or

what will happen on the average. The PV system calculates an

average probability of damage by weighting the probability of

damage for each possible detonation point by the probability

that the weapon lands at that detonation point. The probability

curves in Part IV of AP-550-1-2-69-INT were derived r.ssuming

that the distribution of actual detonation points about the aim

point is described by the circular normal distribution, i.e.,

the probability that a weapon lands in a small area, LA, a

distance f from the DGZ is given by

-fya_2

S~AR

where oC is the standard deviation of the circular normal

19



distribution. The distance of the impact point from the DGZ,

is related to x, the distance the DGZ is offset from the

target, and to r, the distance of the target from the impact

point, by

r = +r 2. -,Zrx cosO

This relationship is geometrically illustrated in figure 4

below.

IMPACT

I1P0P &" TI•PONT

DG ~ TARGrST

Figure 4

If Pd(r) is the probability of damage to a point target

located a distance r from the actual impact point, then

AA A

is the probability that the weapon falls in the small area •A

and damages the target to the specified level. Therefore, the

sum of all possible terms like that above is the probability

of achievinq the desired level of damaqe, P, to a

20
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point target located a distance x from the DGZ.

&rea.

oCos

To calculate P in Part IV of AP-550-1-2-69-INT, Pd(r)

is approximated by the complement of the cumulative lognormal

function presented in Section II.B.

Pd(r) - e

where z(r) = -*= -

The value of Pd(r) is calculated at increments of r

by use of the error function (erf) definition

Pd(r) = +5 + . L er)

'where z= I

The erf can be approximated by erf (u) = -_-a)

where u > 0, D= e, Ue

21
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and e, = 0.0705230784

e2 = 0.0422820123

e3 = 0.0092705272

e4 = 0.0001520143

es = 0.0002765672

e. = 0.0000430638

I (air (r'+ X'- 2r vem~

The term i-- e ZZ rdrde is found by

using series expansions 6 of the zeroth order modified Bessel

Ziexpxfunct 4.on of the first kind, aexp E cos 8) dO, then

multiplying by r exp(-- (r 2 + X2) E"- 3.75 then
Zir 2(2-T-2

- exp( cos 0) dO 1 + 3.5156229*j 1 + 3 .0899424*j 1
2

21rr oy 2" "

+ 1.2067492*jl 3 + 0.2659732*j 1

+ 0.0360768*jl
s + 0.0045813*j 6 + e

Srx •2

where E.< 1.6 x 10-7 and j, =(3rx2 )

rx
If - > 3.75 then

ii'-* - 2
+ 0.01328592*j 2 + 0.00225319j32
- 0.00157565*j 2

3 + 0.00916281* 2 
4

- 0.02057706*j 2
5 + 0.02635537*j 2(

- 0.01647633*j 2 7 + 0.00392377*j2
8 +

.. 6E. E. Allen, Analytical Approximation, Math, Tables Aids Comp.
8, 240-241 (1954).
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3.7 5U2where e < 1.9 x i0- 7 and j2 ="x i,*X

The original integral for the average probability of

damage, P, may be thought of in the following manner.

P- i re~rAO =((r)cir
0o z I.

where a and b are selected such that when r < a, f(r) = 0 and

when r > b, f(r) z0. The integral W(r)dr can be evaluated

using Gauss-Legendre quadrature. Using this method:

where wi and zi have been derived for various n and e is the

accumulated error. Use of n=10 will result in jE_< .0001.

* Appendix E contains a computer program based on the

above formulation for calculating the probability of damage to

a point target at any distance from the DGZ.

Appendix F presents a computer program for calculating

the required offset distance from the DGZ to the target to

achieve a specified probability of damage.

. 23. .*
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B. Area Targets

Average p. 9babilities of damage to area targets are

obtained by dividing the area target into small cells which

can be treated as point targets, calculating the probability of

damage to each cell, weighting these probabilities by the area

of the cell or the portion of the target in the cell, and

averaging the results. This approach is discussed in the

following paragraphs for normally distributed and uniformly

distributed area targets.

1. Circular Normal Distribution

Some area targets, such as 'popuiation centers,

exhibit a concentration of target elements in the center which

tends to become less as the distance from the target center

increases. The distribution of target elements in this case

can be well described by a circular normal distribution. A

P-95 circle is used in Part IV of AP-550-1-2-69-INT to describe

a normally distributed population. The P-95 is the radius of

the smallest circle which encompasses at least 95 percent of

the population being"considered. If the target is not a pop-

ulation target, the 95% radiusmay be referred to as an R-95

or other equivalent term. Expressed mathematically

zi? P-qS* - t

I z tit de

020

24•
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, •" iP-95
which gives the target sigma, Wi , as E.44.

The average probability of damaging the target is

obtained by dividing the target into J small cells having a

proportion aj of the target elements, calculating Pj at the

center of each cell and then finding the average probability

• . of damage P to the target by

This method of calculating the probability is quite

slow, however. A faster, preferred method involves combining

the target and weapon delivery distributions into a joint

distribution and then calculating the probability as if for a

point target using the CEP of the joint distribution. This

approach is possible because both the delivery error, f(r),

and the target density, f(t), are normally distributed and

thus their joint density function f(r,t) is also normally

distributed. The variance of a joint distribution of inde-

pendent random variables is the sum of the variances of those

random variables. Since the delivery error and target density

are independent, f(r,t) = f(r) * f(t), then ir= Cr + C where

T. describes the variance of the joint °distribution, des-

cribes the variance of the'aelivery error, "and aO' 'describes

the variance of the target density.' Therefore, the CEP of the

25
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, ... °•joint distribution, the adjusted °CEP •(CEP.), is given by <•

CEP-

CEP= 1. 1774' "cr Cp• -. 231 (P-qs)2"

wh r Z 3 ( - •-2 4 774 o. is the

target CEP 2

,: A computer program based on this formulation for cal-

Sculating probabilities of damage to normally distributed area

Stargets is-presented in Appendix E.

2 Uniform Distribution

For uniformly distributed area targets, the method

Sused to calculate precise probabilities of damage again begins
with the divisio.t of the area target into small cells. -All of

the cells that are equidistant from the fGZ will have equal

canprobabilities of damage. Referring to figure 5, if concentric

circles are drawn about the DGZ with radius ri where ri iri1 +

Ar and where F r is small, then the target cells located in the
annulus between ri andpri a w bilities ofd

probamaie.lf n

Figure 5

26
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If ai is the area of intersection of the it-h annulus and the

target, then the average probability of damage to the uniform

target is

P~a

a,

where the sum of the ai is equal to Tr(TR) 2 and TR is the tar-

* get radiuz.

A computer program for calculating probabilities of

""damage to uniformly distributed area targets based on the

above method is presented in Appendix G.

Good approximations to probabilities of damage to

uniformly distributed area targets can be obtained by treating

these targets as point targets and replacing the weapon delivery

CEP with an adjusted CEP, CEPa, where

CEP. =qCEP2 + . P- TR for TR q (WR* X*CEP)

or

.EP CEP'CP for TR >(WR X CEP)

These CEP adjustments were empirically derived. They have no

basis in mathematical thecry as does the adjustment for normally

distributed area targets. 'Probabilities of damage calculated

.27
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using these adjustments will usually be within 2 or 3 percentage

points of the rigorously calculated results.

These CEP adjustments can be easily incorporated into

the computer program of Appendix E for rapid calculationF of

probabilities of damage.

C. Single Shot Probability

Single shot probability, SSP, measures the relative

frequency with which a weapon can be placed within a designated

area assuming that with a large number of independent trials

there would be a circular normal distribution of impact points.

For a circular normal distribution, the probability that an

impact point falls in an infinitesimal area dA a distance i
from the DGZ is e dA. As discussed in section V,

tne standard deviation of this distribution, 0, is equal to

.84932 CEP. The SSP is found by integrating this density

function over the designated target area, A.

5SP= zfed"

the target area is circular, it is easiest to

perform this integration using circular cylindrical coordi-

nates (r,e) centered on the target. The general case where

the aim point is offset a distance x from the center of a

target of radius TR is shown in figure 6.

C c 2
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Figure 6

To calculate the SSP, must be expressed in terms of

the variable of integration, r. Using the geometry of figure 6,

the relationship between and r is

' + X1- rx cosG

The SSP is then

Z11 TR rZ+%.- Zr% cosw
s5 P= I.02 rdrdG

0o

2 ~ Tit

r e r

A ~where dO..11~Cs is the zeroth order modified
0\ a .Zr r1-,cs

Bessel function of the first kind discussed earlier in this

A• section.

If the aim point is located at the center of the

circular target (i.e., x=o) then the above equation reduces to

=I-e



r? • is suc -• -- I

In section V the CEP is defined such that e
This definition can be used to eliminate Oa fron, the above

expression for SSP to obtain

(TR/c EP)~5 ... 5 P= 1-. 5

D. Equivalent Target Area

For certain special classes of targets such as bridges,

dams, locks, runways, etc., a specified degree of damage to some

part of the target satisfies the damage objective. For example,

for a bridge the collapse of one span is usually the damage

objective. The exact determination of the probability of

damaging such targets is possible but quite laborious. 7

'Approximate answer.3 can be obtained with much less effort by

"employment of the equivalent target area (ETA) approximation.

* The ETA is defined as an area such that the probability of

placing the GZ in the area is equal to the probability of doing

the desired level of damage to the target.

For a rectangular target the ETA is approximated by

adding marginal strips around each edge of the target of width

- equal to the weapon radius for that aspect of the target. Then

the probability of damage to a rectangle having a length Z and

width w is approximately the probability of placing a weapon in

Target Analysis for Atomic Weapons" 5-1.
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a rectangular area of length (L+2WR£,) and width of (w+2WRw)

where WRk is the weapon radius associated with the length VN

and WRW is the weapon radius associated with the width VN.

This approximation is improved if the actual CEP of

weapon delivery is replaced by an adjusted CEP for each aspect

of the target whioch compensates for the variation of damage

probability with distance. The width adjusted CEP, CEPW, is

given by CEPw = 1.1774 aw = VCEP2 + (1.1774 ad) 2 WRIW 2 , and the

length adjusted CEP, CEPk, is given by CEP= 1.1774 t=
.. CEP2 + (1.1774 Cd) 2 WR2 where ad is the damage sigma having

a value between 0.10, and 0.50, and aw and at are the adjusted

"standard deviations of the adjusted delivery function.

If the DGZ is located at the origin of the x, y

coordinate system of figure 7, the probability that a weapon

falls in the semi-infinite plane from x = a to x =0o is

-; d
!od , 0

AA

-0-0

* WR.

Figure 7
.3 -
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Holding "x" constant and integrating with respect "y" yields

e -. .'---e dx
0. 0

Let t = x/0l, dx = aidt. Therefore,

Ae~Z/dt

rcr

where lalis the absolute value of a, i.e. 1-51 = 5.

The probability that the weapon falls in the semi-

infinite strip of width (b-a) is (Pa-Pb), where b-a = Z + 2WR£

(see figure 7). The probability that the weapon falls in the

semi-infinite strip of width (d-c) is (P where d-c =

w + 2WRw. Therefore, the probability that the weapon falls in

the rectangle defined by x a to b, y c to d is P, where

P= (Pa-Pb) (Pc-Pd) -

.L Iib iI f, . , ,I] d l I d i , , (I.I I '

..C 
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This result is easily programmed using the series expansion

for the error function from Section IV.A.

The ETA for a circular target is constructed by adding

a ring of width equal to WR around the target. The probability

Of damage is then calculated using the method of part C, Single

Shot Probability, where TR is taken to be the target radius,

and the CEP is replaced by an adjusted CEP (CEPa) where

(CEPa = CEP 2 + (1.1774 ad)' WR.
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VII. VULNERABILITY NUMBER (VN) CODING SYSTEM

A. Vulnerability Numbers

In the VN system, a target's susceptibility to blast

damage is indicated by a combination of numbers and letters.

The vulnerability number (VN) consists of a two-digit number

reflecting the target hardness relative to a specified damage

level, a letter indicating predominant sensitivity to over-

pressure (P) or dynamic pressure (Q), and a K factor. The two

digit numerical value scale of the VN is an arbitrary classi-

fication describing a target's hardness. It is a linear function

of the logarithm of the peak pressure from a 20 KT weapon that

would have a 50% probability of damaging a randomly oriented

target to the desired level. The base yield was chosen to be

20 KT instead of the more convenient 1 KT because the original
system was developed from the Hiroshima-Nagasaki data assuming

tilat tne yields of the Hiroshima and Nagasaki weapons were 20

KT. The appropriate damage sigma for P targets unless other-

wise specified is Y = .20. The appropriate damage sigma for

Q targets unless otherwise specified is c= .30. The K factor

allows for hardness adjustments to be made to account for the'

effects of variations in blast wave duration due to different

weapon yields. Each VN must also have a specified damage-

level criterion, such as "collapse," "24-hour recovery time,"

"severe damage to contents," "moderate structural damage,"

C 3
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etc.

The completely arbitrary coding relationship for p

type targets is
PVN

where p s is the peak overpressure from a 20 KT weapon that has

a 50% probability cf achieving the desired level of damage to

the target. This relationship was established so that a p5 0

of 10 psi corresponds to a PVN of 12. With each integer in-

crease in the PVN the associated p,, increase3 20%.

This coding relationship may be inverted to obtain

"7 0. .,(1IZI4

or

PVN - iZ.43 ,o -

Since the peak overpressure at a given range is
uncertain to roughly ± 20%, this coding relationship insures

that P type target hardnesses are not specified more precisely

than iustified by the pressure-range data. This scale con-

veniently allows for the complete pressure range of interest

"to be coded by a two-digit number.

The dynamic pressure coding scale was chosen using

* the approximate form of the Rankine-Hugoniot equation,
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q = .023 p 2. The scale was defined so that the dynamic pressure

required for a 50% probability of damage, q5 0, for the VN of

interest is equal to .023 p,,2 where Pso is from the numerically

equal P VN. Therefore, the VN's are "tied" at the 50% proba-

bility but not at other probabilities. Thus,

q5 0 = .023 (Pso 2 )

= .023 (1.1216*(I.2)QVN)2

q5 0 = •02893"(I.44)QVN

The above relationship establishes a 44% difference 4ai peak

dynamic pressures between adjacent VN's. This can be inverted

to give

S• v = j. so - ,o .('.o.Z8'13)

or

QVN 6.31 0 +9.72j

This relationship insures that the complete dynamic

pressure range of interest is covered. Since the dynamic

pressure at a given range is only known to within abcut + 40%,

Q type target hardnesses are also not specified more accurately

than justified by the pressure range data.

36.
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Care should be taken not to use the equation q =

.023 p 2 to calculate the peak dynamic pressure corresponding

to a given peak overpressure. For overpressures below about

10 psi the equation q = .023 p 2 is a good approximation to the

Rankine-Hugoniot relation -=- 7•-- where P. is the ambient

atmospheric pressure. This Rankine-Hugoniot relation was

derived 8 assuming an ideal shock front. It only fits the
A available experiment data fairly well for zero heights-of-burst

(HOB). The correct determination of the q given p or vice

versa for a given HOB must be through the horizontal ground

range using pressure-range-HOB curves such as figures 1-4 and

1-9 of AP 550-1-2-69-INT.

B. K Factor

As previously mentioned, the blast wave duration

varies with weapon yield. The increased blast duration associ-

ated with larger yields may cause targets to fail at lower

pressure levels, while at small yields the reduced blast dura-

tion may necessitate higher pressures for target failure. To

account for this yield dependence; the PV system uses K-factors

for both P and Q targets. The K-factor is an integer from 0 to

* 9 which adjusts the base VN to reflect the sensitivity of the

8 Samuel Glasstone, "The Effects of Nuclear Weapons", Air Force
Pamphlet No. 136-1-3, Department of the Air Force, April 1962.
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target to the different pressure-time pulse shapes for yields

other than 20 KT. A K factor of 0 indicates a target that is

not sensitive to blast wave duration and can be expected to

fail at the same pressure regardless of weapon yield. A K

factor of 9 indicates a target that is very sensitive to blast

wave duration and can be expected to fail at quite different

pressures at various yields.

The adjustment factor R is the ratio of the pressure

(either overpressure, p(Y), or dynamic pressure, q(Y), required

for a 50% probability of damage at yield Y to the pressure

required at 20 KT (p(20) or q(20)). The K factor is related to

the adjustment factor, R, in the following manner 9

myo Ir ___qrY)!• ,to LWa • %(;o)

where.

tdo positive phase blast wave duration for 20 KT

td = positive phase blast wave duration for yield Y

td .45 for overpressure

td .105 for dynamic pressure
IA

"Development of the K-factor in the VN System," PV-105-61,
Air Force Intelligence Center, Assistant Chief of Staff,
Intelligence, 25 Janulary 1961.
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Therefore, for P type targets,

K + _-(_)_0__O

= 10, to -20Y +96 to 10 _Y)
For Q type targets,

1. to)_'/ to Y / V;t -t• +• <,o __ I-.0'

These equations are solved for R for a given K factor and yield

by iteration to the desired accuracy using a first guess of 2

for PVN's or a first guess of 3 for QVN's.

The adjustment factor R is used to determine the

adjusted VN (VNa) using" the PVN and QVN coding relationship as

shown below. r'or P VII's, VNa VN+A, where

/A

log (1.2)

= 12.63 log1 0 R

5.485 loge R

For Q VN's,

A- °(R)
log(l.44)
6.315 log 10 R

2.742 log R
e
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C. VN-Probability Relations

It is often necessary to know not only p 50 for a

given VN and yield, but also' the pressures for other proba-

bilities of damage. The method used to obtain the pressure

a for a probability of damage a% for- the adjusted VN of v2 is

discussed below.

For P type targets, the VN coding relationship gives

V #

The analysis of the Hiroshima-Nagasaki and Nevada

test datal 0 resulted in the adoption of the following relation-

ship between the overpressure required to damage a structure

to a given level and the pressure which gives a 50% probability

of damage, p, 0 .

*:zqr b

The probability a is given by

C C Sx
where b is the probability a expressed as probits-5. (A probit

has the magnitude of the standard deviation. Minus 5 probits

is defined as a = 0%, 5 probits is 50%, and 10 probits

A Classification of Structures Based on Vulnerability to
Blast from Atomic Bombs".

C -.- 40
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corresponds to a = 100%.)

Similarily, for dynamic pressure,

i 0o .oa8q 3 (14.-4)

1.0o* b
= e

In addition to coding p5s's and q ss, adjusted VN's

code the scaled weapon radii, SWR 1 1 , to be used in calculating

Pd(r), the distance damage function. SWR for each VN are

calculated using the pressure - probability functions given

above by combining them with pressure-range-HOB data. SWR's

calculated in this manner are listed in AP-550-1-2-69-INT for

PVN's and QVN's at various scaled heights of burst, SHOB. To

facilitate computer applications, these calculated SWR's have

been approximated with polynominals of the form SWR = f(v2)

for various scaled heights-of-burst. The polynomials have the

form

SWR =exp( k (vZ)'t~

where n varies from 2 to 7 depending on the SHOB. The con-

stants k. and a further description of the curve fits are

f1Sca ad weapon radii and scaled height-of-burst have dimensions
f t/KT43 .
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.included in Appendix D.
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K Numerical Calculation of Mom~n1-nf

The moments presented in Section III.A. can be calculated

numerically if the damage function Pd(r) is known at the ranges

ri either from experimental data or from the analytic aoproxi-

mation to Pd(r) from Section II.B.

Consider the contribution to the first moment fromn the

small section of Pd(r) from r 1 to ri shown in figure A~l.

F (r.)

r

Figure A.l.

Over the small range from ri... to ri, accurate estimates for

Pd(r) can be obtained by linear interpolation between the

values Of Pdat ri-1. and at ri. Therefolre,

The contribution to <r> from this section of the damage

function is

L1
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Since the first moment is the stummation of all possible terms

like that above,

<r> < r>, T(PaL1/L rj. 1

where ro 0.

Similarily, the second moment (r3) is arproximated by

<ri> 2P, (rj)(rL -rb..)( r-. r, -(rj-rbI)

L I

This form may be rewritten as

<rl~~T_± (P ro+ P(r~,'))(v 1r ) ± . k(~ 1 -P(r 1 )r-ra

where again r. 0.

As explained in Section II.A., the weapon radii (WRiYfi3'),

presented in Part I of AP-550-l-2-69-INT are calculated numeri-

cally using this formulation. The damage sigmas

<r>: r~i -rb+. q., r-ra.

calculated numericall y for P type targe s range from .10 to .20

4Ž 44



while for Q type targets the damage sigmas range from .20 to

.30. For probability calculations, the distance damage function

is approximated bv the analytic function of Section II.B. The

parameter WR of this function is taken to be the numerically

calculated WR, while the parameter a is assumed to be .20 for

P targets or .30 for Q targets. This analytic appicximation

to Pd(r) will always have Pd(o) = 1. However, experimental

data may not have Pd(o) = 1 due to the hardness of the target

and the particular yield and HOB chosen. In such cases,

accurate probabilities of damage can not be obtained using

the analytic approximation of Pd(r).
4
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Derivation of Combined Effects Formulas;- Section IV

The derivation of Equation 1 from Section IV is as follows:

From Section IV,

WR NN2z + W 4WR 2 -.Z)r Pd,(r) Pj '(r) Jr

LetI= I Z r P (r) P4 (r) dr

Using integration by parts, let

u = Pd,(r) P4X(r) and d. = 2rdr

then du = Pd (r)d P. (r) P(r) + Pj (r)

and v-r2

I then becomes

I = r2  (r)Pr)I -Jr 2 fd,(r)c Pf4 r) - r'( )P F(r)

P - fra,(r)dP4 (d)-fr) r2• jrcd (r) (EQU. B-i)

Since the terms are symmetrical in Equation B-I, it is necessary

only to deal with one and apply the findings to both integrals.

Let X= r -rP,(r) i r)

From Section II.B. we know that r)

where -z •"

. . * o o 4 6 C A p p e n d i x B ,



•,(r)= AT, (wReP

and Pd dr = drr d

Then, j.=- rirex p[l ) Jr (EQU. B-i)

0

Since d(.t(r)) dr nd r e (r) e the integration of

EquaLion B-2 ,ay be made with respect to ln(r) rather than r.

lim 1n(r) = o lirn ln(r) = -00

I= - 2 JA ((rc[ ± expl((r ln(r)

Combine the exponential terms and complete the square to obtain:

3 d ex P Pr -, "W Ra ) e-

f-tnr 44XIf we let y and dy = ,then
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ex (w Re~ft,~u~ ~

Interchange the integral siyn•, combine exponential terms and

complete the square to obtain

Z), -%],c- 1,,)

.f = ex [ e -L

S where B= £•-*••• (%/ 2

4 4.

Holding the variable "x" constant and integrating with respect

to in(r) yields a value of for the inner integral.• There-

XP

where, B

II~e i-w 1  )

Simplifying the exponential under the integral sign this becomes
e e~w~ (3(w%)]~

L r X

J -ex' x4vt(WRe))2dX
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Let, then

S-- e.( (W R)) d

wherek j (tn W_( .,e:) We then obtain

II=WR d
2 !

Employing the same procedure, the other integral in Equation B-I

is:

where L ( -r Re

Substituting into the equation for WR1 2 from Sectioo IV.

W2  -vvn.

where o

* and

49
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SThis result is equation 1 of Section IV.

The mean for combined weapon effects as presented in

Section IV is

= f( F(r) + P1()- P,(r) eir) r

= <r,> +<r-> [• Pr) dr
0

Let I fP 4 (r) P (r) dv.
aD

Using integration by parts, let

/ u = Pd (r) Pa(r) and dv= d.

Then du = Pi(r) d (r) + P4(r) dPjr)

and v-r.

Our integral is then
s ,o 00

I fJ r P,(r) d P(r)- r P4 (r) j Pjr)

Since the integrals are' symmetric, it is sufficient to

examine only one integral and apply the results to both.

Let II = --• t a jr) P-iCr)

where

Pdl(r) = J =and "-

-- - - - -- - - - - ---
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We also know that a

dr) dr -ex, (n r)Jd

Therefore, II becomes

d •r = .,/this becomes

Combinging expnnial terms and c the square,

(-he d, 2))4 u~

dkr this thenoe

'" Letn yhen d', . - and when y=z (r) then
x (in (W(R P') . TherefOre,

Combining exponential terms and completing the square

d r

" ~51
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where B- p

and 2.

Holding "x" constant and integrating with respect to ln(r)

ii=ex Lx -~ W R.)']

x-kiWR dx
Letting and d -- I-- then

II where d WR' e

Therefore, the first moment for combined effects is

<r.~> <r,> +<r> -(r rJ e d -e, 7 <d•

-2/-

< e

:" " ' <r "T +• r .) • f•...

" !-+ B
where 0'

R. (r) -Lt

This result is equation 2 of Section -IV.

C: - C .. . " "0 .5 2 . ..C



Calculation of Weapon Radii for Combined Effects

As explained in Section IV when two or more weapon effects

significantly contribute toward damaging a target, a combined

WR and ad should be calculated and the P.D. 'computation then

based on this combined WR and Cd. This procedure is most often

S" used in estimating personnel casualties/fatalities when radi-

ation and blast have comparable ranges of effect.

The example program takes two WR's and their associated

damage sigmas and calculates the WR and damage sigma of the

combined effects.

WR1 2 , the combined WR, <r,), the combined mean radius,

and Gd1 2 ' the resultant damage sigma of two damaging effects,

may be calculated using the equations of Section IV.

s -- a- 0
WR 2  e d j + W diz

12 = J WRI lrI

I(- e -1Y.2

e r, -<>

S2 <

where T3.'() kA d -

yaa
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In 'the example program:C

-u12/2.

f2 e ellcI~
22.

and fna (v) =erf (v)

t is an indexing varianle. If t=O then

Z1 z,(w2)

z2 z2 (wi)

i. fl fl(z (w2))

*f2 =f2(z 2 (w.1

andr =<r'12 >,'lexp(-a 12/2) *f2+w2*exp(_a 2 /2) *fl

since ri = WRi*exp( -03/2)

After r is calculated then:

zi = z1 (vJ2*exp( 2

*z2 = z2 (wl *exp(2))

t is then set to l and:

/fl =fl(z (w2exp(a2))

f2 =f2(z 2 (wlexp(a2))

and w =WR 1 2 =wl*f2 + w22 *fl

After r and w have been calculated, the combined damage

sigma may be derived:

s= Ira/ Vjz

C...C 1 C c*154



08 rein COWPTITS T1RE COMMNIu VP AF' SIGM!A :Given 2 wr and s
10 data .070,52 3MP84, N0228 Mir12, .00927 05z27
20 data .0001.9 2014.3, .00027 656?2, .0000A. S0C.58
.50 read a,h,c~d,e,f
40 def fna(x) = 1 - 1/(1+a*xt~i2?+r*xC3+d*i'4+e*x b+f'~x 6Y'16
5 0 print~input wr(1),s(I),wr(2),s(2)-,
60 input w1,sl,w2,s2
f5 let t = 0

*70 let bI = sqr(- log(1-sf-2))
SO let 1,2 = sqr(- lop(1-s2-2))
c90 let 1). = sqr(b1-2.b2-2)
100 let z2 z (1/bI)*log(w2*Pxp(-b2 2)/wi)
110 let zI = (1/b3) *lop (wl*e xp(-bf"2)/w2)
120 let fl = *5.5r-.*zl/a~bs(z1)*fnia(abs(z1)/1.41421)
1.30 let f2 = .5 - .,5*z2/abs(z2)*fna(abs(z2)/1.41421)
15%9 if t. >0 then 180
140 let r a wl~exp(-bl 2/2)*f2 + w2*exp(-b2"2/2)*f1
150 print"<r> = "int(r+.r))
160 let z2 = (1/b3)*lor(w.2*exp(-b2"2)/w1/exp(b1*2))
170 let zI = (l/b5)*log(wl*exp(-bl 2)/w2/exp(b2 2))
17S let t = t +1I
175 Po to 120
180 le t w = wfC2*f2 + wý2*2f I
190 'let w = stir(w)
200 print *W =Int(w+.5r)
210 let s = sqr(1-i*2/w'2)
220 print *sipiiia = int(100*s..5)/100
210 print
240 print
zr~o Po to 50
400 end
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N ~74/0'?/U2 J'k(4

MADY

*run

Input i'r(l),s(l).wr(2),s(2) ?
3500go3p3ooo,*4

=r T?09
WR = 3M?
sirma =.2.9

input vr(1).s(l),wr(2),s(2) ?
105-00. .4,8000 ,.A
<r>= 0S
R= 1 13P75

91911ia .3

input wr(1 ), s(1) ,wr(2) ,sa(2) ?
5000.,.4 , 55r00 ,.A

WR = W306
sirina -. 36

input wr(1,s (1),br(2.) , r(2) ?
1200, .3 ,100n, .7,
<r>= 1245

-. R. 1209g
slema .2f
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Weapon Radii Determination for P and Q
Targets Including K-Factor Adjustments

Scaled weapon radii (SWR) fcr PVN's and QVN's numerically

calculated at various heights of burst as explained in Appendix

A may be approximated by polynominal curve fits of the form

log(SWR) = > k vzlt

where v2 = adjusted VN

and n varies from 2 to 7 depending on the
scaled height of burst

The constants kj are calculated for SWR's associated with

PVN's and QVN's at each 100 ft/kTI3 increment in SHOB from

surface to 900 ft/kTV3. Fits at other HOB's are not provided

because SWR's were calculated only at 100 ft/kTI increments

in scaled HOB. This increment supplies sufficient accuracy

when interpolating for a non-tabulated HOB. Fits are not

provided for higher HOB's because higher HOB's would be above

tae "knee" in the HOB curves for pressures of interest.

For PVN's at scaled heights of zero ft., 100 ft, 800 ft.

and 900 ft., two equations per SHOB are required. These are

third and fourth degree polynominals with one fitting VN's

<7.5 and the other fitting VN's >7.5. However, at all other

overpressure SHOB's and at each dynamic pressure SHOB, one

equation gives an accurate fit. These polynominals are of the
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sixth or seventh degree.

One advantage to this polynominal fit is that it gives

a better interpolation for fractional adjusted VN's than can

be achieved by interpolating between SWR's as given in a list.

A disadvantage is that optimum SHOB's must be chosen

even to 100 ft. If the true optimum SHOB were 150 ft., the

program would provide for calculating the WR at 100 ft. and

at 200 ft. and then interpolate between these two to arrive

at a WR for 150 ft. Thus if 100 ft. and 200 ft. were less

than optimum, the WR computed at 150 ft. will also be less

tian optimum. Therefore, to obtain the largest WR possible

using the given curve fits, select the SHOB even to 100 ft.

which gives the largest WR. This calculated WR will generally

not differ from the actual optimum WR by more than 5 ft/kTl.

The following program is designed so that VN, type target,

K factor, appropriate damage sigma, yield, and height of burst

are input for each case. The appropriate damage sigma, s, is

input to enable WR's to be computed for targets which do not

nave SIGMA-20 associated with their PVN or SIGMA-30 associated

with their QVN.

The VN adjustment is performed using the following

* variable definitions.

vl = base VN

k = k factor
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Y = yield, in kilotons

v = adjustment to the base VN A*log(R)

v2 = vl+v = the adjusted VN

The adjustment to the VN is derived by solving the

equation

R= 4- 0)(+ Yj •.o
"where e = 1/2 for PVN

e = 1/3 for QVN

The solution for R may be achieved by an iterative process.

Modify Equation B-1 to read

ra )r (EQU. B-2)

Initially set Pl = 2 if PVN

rl = 3 if QVN

Solve for r2. If Jr2-rlJ > .001 then let rl = r2 and again

solve Equation B-2 for r2. Continue this process until

1r2-rlI < .001

The adjustment, v is equal to A*loge(r 2 )

where A = 5.485 for PVN

A = 2.742 for QVN

The adjusted VN is then

v2 = vl+v
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Tlie WR is calculated using the following variable

definitions.

h = actual height of burst

hl = scaled height of burst = h/YV3

h(1) = int(hl/100)*100, i.e. the nearest even
100 less than hl

Sh(2) = h(l)+100, i.e. the nearest even 100 greater
than hl

w(i) = scaled weapon radius at h(i)

w = SWR at hl

wl= WR scaled to correct yield and damage sigma

s = apprupriate damage sigma, .2, .3, .4, .5

kO,...k7 = appropriate constants for the polynominal curve
fit; stored for each 100 SHOB up to 900 ft.

A scaled weapon radius is computed at h(l) and at h(2).

If hl = h(l) then a computation is made only at h(l).

w (i) =ex P (96~))

The SWR for hl is derived by linearly interpolating between

w(l) and w(2).

w = w(l) + e * (w(2) - w(l))

where e = (hi - h(l))/100

* W is then scaled to the correct yield and damage sigma

to give the actual WR. SWR's for PVN's are based on a damage
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sigma of .20 and SWR's for QVN's are based on a damage sigma

of .30. If the appropriate damage, s, differs from this

generality, the suitable adjustment is based on

WR = rS 0 /(l-s
2)

sl 1.04 = 1/(l-.22) for PVN's

sl = 1.10 = 1/(l-.32) for QVN's

Thus, w * Y /3/sl = r5 0 = range such that Pd(r 5 0 ) = .5

al = I/(l-S2)

wl = r.* al = w * y/3 * al/sl

/
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74/08/08 lh(kt lt

*list

/ F rel" N~VlRCAI- C alculp tes Wpar~on Eadit
10 print 1¶TTv~ V Y
?~input ~,~ksY1

M0 iftV = -r then 9n
A0 let p = (1/.I)
!ýn let sl /1.2
V P let a =214
T. le t ri

cp0p to UT,
M. let p =F
ico let si
110 let a
1?0 let ri = 2
V3C let r.- =
14r if kb,.(r?-rl)( MCC tben 1'70
IFV let rl = r2l
FO p 0 t 0 17,,^

170 let v = lnr(rZ)
100 let V2 =vl+v
190 le t hi
200. le t 1-(11 =int(hi/iC1V*iV0'
210 for i= 1 t 2-
Z2(1 if t.1 = "r" tlen "PC
;fl ro to IAN)0
272? let r~il= W +k.0 21:v24 7 v + }4*v 4

~oto C

2AO let ýQW, 44

2p I atsfý-l-h(l)( .01. then 2P.0
r¶c, vo to 71T

290' let i. =2
2cn le t e = 0
.3C C rext t
710. le t al =/Is2

320 let v w(1)+e*(w(2)-w(1))
1:5 let erf = y(/)s
vrl let Wi = r-*
740 print = inpd+5
N90 r. rint

7PV!rint
7TE ro to 20
770 print N'1 VALID WR=== VII TOO IARME. MOh I'M
T7~2 print-
77! po to 20

M, remi this rives pa~r".eters for the pwrs
7xr0 if hl <=l then 420

40~ ~rntPOP too larpe for prorram
41C ro tv' 10

62

C -. ,,S270bO



42, let h(2) = h(1) + 100 74/08/08 PAA 1?
4-,X0 let = (hl-,h(i))/l0o
-40 if Ni) >=- 1C then ,•SO

4AP if v2 > 7.! then 470
40 let ko = ,.20flE36
452 let 1-1 = -9.PCF222e-02
4A. let k2 = -4.2705319e-W3
15F let k!-3 = .673Ffl0O~e-05
4!f let k4 = 0
4AC ro to 232
470 let kO = P.2F3243
4nO let k1 = -1.2109524e-0l
A4c let k2 = 12.74266e-04
M.0 let k3 = -F'.206f549Ee-OC
!fl2 let k4 = 0
F4r po to 232
fF'o if h(i) >=-200 then Ffl
F, r renr M1',iT•;TS M-R 100'
S'F 7 if v? > F1 then ,T?
~FCif v? > 7.5 thien FOOl p I t k O = P . N '12 .7
570 let 1-1 =
575 let k2 = O1.I.2 3 E-01
FPO le t k7 =

EP0 let k4 = 0
E,•\F ro to 2.12
p0. let kO = 8.2P959

610 let kl =-1.1C•&V, Pe-0l
f20 let k2 = -4.P-Aq40P/e-04
F25 let k, # . p. 1e-nF
"fio0 let k4 = -5. 16 6P0W7 (-7

('40 re to 232
f0o if i(i) >=- 'T0, then 770

F6F. re CONSTAMTS YTr 200" O- N FY . for ALL US{5
(67r if v2 > Al then ,70
e•C let !, 0 = P..•9.22,
T V0 let kV = -1.471jP7r---C,
-0C0 let k2 = 12.744Pcee-(
710 let r. = -2.0C,72771-03
720 let k4 = 16. 7F91P-05
7'10 let k1 = - 6. P972e-06
Id0 let k6 = 14.2,71401-P
750 let 17 = -1.1F71015e-09
ý'60 ro to 240
7,0 if Mi) >4-PO then PRO
775 if v2 > 34 then 7370
"70n let kO = P.tI FP4
9 0 let k1 = -.. 9P?27P1 Fa-02

POO let k? = -4.1 727,-7
P10 let 17,7 = F.d4QOP4P-nr
,P2(r let k' -A = .7SR•F2e-0
Mrf let J, = 14= 00IA .e-{07

PA0 i t V6 = -2.01709P•e--OP

f () let k7 = 0
70 ro to 240 63
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74/08/08 ~AIr. 16
PPO if hO) )=-EOO tNern PPO

TF rpriCOYST)N' FOR d~O' N E,*ORALVI5-
cr'O if v2 > 30 then 370 - L q.FRAL K

PC0 cle t ko = P.45P4SP~
Pffý let, k1i - 1.0069211 e-01
F£10 let k2 = -3. 44d,5747e-0
920 le t k3 = 172.61706e-05
T.0 let k4 = -7.1r eO
540 le t k5 = '3.1P013P-7
9,90 let M6 = -n.C-6S0!We-OEP
MC le t W7 = 0

cTO po to 240
M- 0 if N~i) >-- FOO then 1100
PP2 mem CONSTANTS FOR 50 I'. Cl.for ALL NYS
M.. if V2 > 27 then 370
IC M let kO = PF2Pf
ic i let k1 = -F.1120r,55e-02
1020 let k2 = -2.F(22191P-02
103 0 let M3 = ~4. 2 FA47 e --r
10-40. let k 4 = -ýPI~ý0
1CIRO let k5 ='7,4. rx.504eP-0 6
1060 let kC = - I. V.22 s.4 Fe- 0 c
IMO7 let k-7 = 11.:44312e-0.0
10£C Po to 24r
110" if hNi) >=-700 then 1210
1105 re r. CONSTAPNTS FOR M14_____ ONE. IP. for ALLVIN
110"7 if v2 > 2F then '770

1110 le t kO = P.Frn222
//1120 le t Mi = -1.0C27111--I

1iT let k2 = -. 11~e0
117F let kI = 26.0232e-nA
114VI let k" - .C60?2?2de--O4
1150 let kSF = 2P.02!z15e-Vf
IIEO le t M~ = - 1 . ,2Fl e- 0 c
I I T let k7i = jr5.t15F-7e-{p
3200 "o to 240l
121r if h(i) >--MO then 1720
P?12 if v? > 2? then J7fl

121F, re r ('OISTPITS 1'O"% 7fon ONT FC. for ALL NT. *s
1220. let kr' = .C Eez
12-2 F let k1 = -1.3'F"PPf~p-Cj
1230 let k-? = 14.262P1 e-03
12235 let k7 = -4. 0P?2.ne-07
12?40 let kd = !T.2Pl2fe-C5F
1245F let 1-5 = -. 7?~eC
12ý.o let k F = 47 WPOr-e.-0 9

125F7 let k.7 = 0

if Vii >-%e0 then 1:T-0
11-21 if v2>ý21 then --7
172? rer'. CON STA .TS i FOFP,0
1312A if v?' > 7.!; then 17F5d
I ,2T let kO = 22F
1I3 le t ý1=-.12Cj-I . G
17W! 164!2 17PW~C

s Z? 0 b
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1540 let k," = 15.9.-09e-05
134? let k4 = 0
1345i o to 2.q2
1350 let kO = 12.51342
13.5 let k1 = -1.516344
1360 let k2 = 17.6.°44e-02
13M let k = -8.900R35e-03
170 let k4 = 14.00736e-05
"1375 po to 232
1.W0 rpm COINSTANTS F0R 900'
"1.181 if v2 > 2n then 370
13M If v2 > 7.5 then 1400
1385 let kO = 8.719654
1387 let k1 = -1.2158526e-01
13.00 let k2 = 12.03E04e-04
11•2 let k3 = -A.3f*33281e-04
L39o4 let k4 = 0
1395 .o to 232
1400 let kO = 13.472S9
1405 let k1 = -1..c19EI
1407 let k2 = 2,5.A72C7e--02.
1409 let k3 = -1.4325115e-02
1410 let k4 = 26.40371e-05
1415 ro to 2.2
1430 rem TFIS SECTION PRISENTS PARMETI RS YOR QWRS
1440 if hl<= 900 then 1470
1450 print"FOB is too large for progra,"
1460 go to 10
1470 let h(2) = h(1) +100
14P0 let e = (hl-h(l))/100
1490 If h(t) >= 100 then 1600
14<4 rem COM.STPNTS 1P1R 0 B0B
1496 if v? > 3F then 170
I=0Fl let kO = 8.315159

)I O let k1 =-.10T86P,
1520 let k2= .0005224
1530 let k3 = -. 000313
1540 let k4 = 3.22649e-05
1550 let k5 = -1.23227e-06
IFD let kM = 1.96707e-08
1570 let k7 = -1.0,580e-10
1690 goto240
1600 if h(I) >=-200 then 1700
160C reiCON.S*NTS FOR 100' SPOB
1606 if v2 > 35 then 370
1610 let kO = 8.376082
1620 let ki = -. 1042945
1M0 let k2 = -. 0012014
*•1e0 let k3 = -3.911:56e-05
1650 let k4 = 1.29757e-05
1660 let k5 = -4.,c7579e-07
167M let k6 = 5.77257e-09
1680 let k7 = 0
1695 -o to 240 65
1700 if -'t) >=- 300 then 1810

$270.50



- -74/08/08 kAuta 20
1704 rem CONSTANT12 FOR 200' SI'OB

1705 if v2> .15 then 370
1710 let kV = Pl.A?024
17?0 let k1 = -1.0947.1e-01
17V0 let V2 = 14.622PPP,-04
1740 le t k1 = -n.CFP7(2e-04
1"FI let k4 = 6F,.q7002p-06
17'fn let k 5 = -1.n14c1459~e-06
1770 let M6 = C61.M 2 Se -09
17FO let Iý' = -4.Pr)6(1.30-10
1IMP po to 240
1M1 if h(t) >--400 then 1920
1812 rem COYTSTA1ITS FOR 300' SFOB
181 if v2 > 7,, tten 370l
M~.0 let kO = S.AR551.5

I180 let k1 =-.Ia11M
1840 let k2 = -. 0014114
IP.SO let kS = Onn35087
1860O let k4 = -i.n7?67e-05
~fl7O let M5 = 3. 15.6t2.p-07
1IW0 let M6 = -5.56640e-09
1890 let W7 = 0

1910 if toi 240.T then 2030
1V22 remcnNSVIIS H)V 400 SY0}.
19 2,r if W. > M1 then :'WO
1930. le t )P-=9.760(n3
194r le t kI = -.105P988
19!0 let k2 = -Xrft.CC S,8
19~0 le t k1 = .00121T.
1c,70 let M4 = -. OOOI.W5
19010 le t kCS 1 P.JP7f%-06
1990 let M6 = -2 ..15A e- M,

200V0 let k7 = 2 F 121!,e.-00
2020 Po to 24n
20.0 if h(i) >-60C then 2140
2012 rem CC1.STANITS FOP r500'SEOBi
2V35 if v? > 2P. then 370
2040 let KO P. 64.3504
205r%0 lest V. 1 -. 1110W6
20F,0 let k2 = .0041MAl

*- 2070 let It 3 .0006644
2090 let k:4 -7.76P4P e-05
2090 let M5 = .PP.695P-06
2100 let kr6 = -2.VV7079e-O7
2110 le t k7 = %.0062-6e-00
21,10 po to 24-0
21,40 if i)>70then 22,50

-2142. rem COVNST MRT FOR0O' SPOB
21 4F IF V2 > 26 TIFY4 370
21590 let kO = S.6856W.7

210let k1 = -. 1164822
2170 let k2 = .0003634
2180 le t M3 =-.000616P
2190, let Y4 = S.F054le-,05 66
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2200 le t k5 = -4.0Q7263e-06
2210 let k, = 15.66402e-08
2220 let k7 = 0
2240 po to 240
2250 if h(i) >=R00 then 2360
2252 remi COUTATS FOR 700" SEOB
2 r,2255 if v2 > 25 then 370
2260 let kO = 8.707449
2270 let k1 = -. 1175502
2280 let k2 = .00234P3
2290 let k3 = -. 0013054
2300 let k4 = .0001909
2310 let k . = -1.15200e-05
2320 let kC = ?.P3079e--07
ZMW let k7 = -2.44704e- 0M
2350 po to 24P
23 M if h(i) = 900 then 2470
2-62 ren CONSTAITS FOR P00" SHOP
2365 if v2 > 23 then 370
Z370 let kO = P.736128
23R0 let k1 = -. 115180,5
290 let k2 = .0021175
2400 let k3 = -. 0015218
2410 let k4 = .0002654
2420 let k5 = -1 .P750e-05
24W0 lt ke = 6.18015e-Cr7
2440 let k7 = -7.206,2e-09
24,0 ro to 240
2470 ren Constants for 900 SHOB
247E if v2 > 22 then 370
24P0 let kO = 8.7P3042
2490 let k1 = -. 154e, 45
2500 let k2 = .O001P',1
2510 let k3 = -. 001100P
2F20 let k4 = .0002357
0; V let k5 = -2.015 E2e-C5
25.4 let kM = 6.7?520e-07
2;50 let k7 = -8.74@66e-O9
257. Vo to 240
2620 end

RYA PY
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WR= 12(14

13,Y) 0, .2,1,40n

WR =1114

WR = W

run

WR=

15% p,3,.2,1 00, 350m

WR = qc

-WP~ 1777

39,2

I f',q*.3,1000,000
=F iSfP??



Computation of Probability of Damage to Point
* Targets or Normally Distributed Area Targets

This appendix explains the basic probability of damage

calculation program presented in Section VI for point targets

or normally distributed area targets located either at the

DGZ or offset some distance "x." The example program also

provides for calculating probability of damage to a target when

CEP : 0, i.e., when the impact point in known. The methodology

outlined here may be adapted to the calculations of probabilities

of damage to uniform area targets as explained in Section VI.

B.2.

The probability of damaging a point target located a

distance "x" from the DGZ is

lit r + x2-.rxcosO

2rdrdeP --, e r2t
where Pd(r) =

z~rr

C = .CEP/l.1774

The probability of damaging a normally distributed area

target can also be described by the above equation if a is
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replaced by GA where

CEPA

GA 1.1774

CEPA = w'CEP2 + .231*(P-95) 2

As expressed above P = f(8,WR,x,a,P-95). In computing

P.D. slightly different parameters are input. They are

s = ad = damage sigma (.1, .2, .3, , .5)

where 8 = sqr (-In(l-s 2 ))

wl WR

xl = x = offset distance, which may be zero

c = CEP = measure of delivery error. (When P.D. from GZ
is desired, input c = 0)

a = CEP/I.1774

ca = CEPA adjusted CEP,

CEPA
and 0A = where a2 describes the variance of the

* ~1.1774A
joint distribution of delivery error and target

density.

tl = P-95 = radius of circle which encompasses 95% of the
target being considered.

In the example program CEPA = Ca =4c2+.231*(tl)2.

Except for the case of calculating Pd(r) from a GZ to a point
__ Catarget, all variables are standarized by division by 0A -

1.1774.

70
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If the target is a point target then tl = 0 and ca C.

If the probability of damage to a normally distributed area

target from a GZ is desired then c = 0 and ca = V.231"(ti)2.

A CEP of zero denotes a situation in which the impact

point is known and it is necessary to compute the probability

of damage to a target located "xl" distance from the impact

point. This probability is calculated by letting

z(xl) 1/a * ln (wl*exp(-f32 )/xl)

then

Pd(Xl)

The erf ray be approximated as shown in Section VI.A.3.

The approximation is fna(v) in the example program. If z>3.87

then Pd=l and if z < -3.87 then Pd = 0 since:

3.87

e -172 .T999
-21

and

Se d~< 00o7
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If IZI < 5 X 10-6 then Pd = .5. This is to avoid an

exponential underflow on the computer, since

erf( )-

where V=

and D=I + e,v t ezv ev + e~v 4t esv 3.te, v

When J z < 5 x 10-6, D 16 will contain negative exponents too

large for the computer on which these exanple programs were

"written to handle and an exponent underflow message would be

printed. To allieviate this Pcod.'.,, Pd is set equal to .5

when IZI < 5 x 10-6.

When deliveiy error and/or target density must be con-

sidered, all parameters are standardized by division with

CA =CEPA/I.1774

WR

w3 = A 1.1774 * wl/ca

x= xA 1.1774 * wl/ca

SA

r = (distance from impact point to target)/CA

The probability of damage P is

P = (4(r)dr
° ~ri Cos

"where 4(r) P (r) r e e

72
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Since it is necessary to evaluate f(r) only as long as

f(r) is significantly greater than 0,

0 b

where f(r) z 0 whenever r<a or r>b.

Wherever r = 9.25 * WR * damage sigma (ad .2, .3, .4,

or .5), Pd(r) < .0005, and it is unnecessary to evaluate the

integral bcyond the point b = 9.25 * WR * ad-

Impact points are assumed to be normally distributed

about the DGZ. The probability that a weapon would impact

farther than 4a from the DGZ is given by

Sre d r .oooo5
4

Since the DGZ is located "x" distance from the target, there

is no significant contribution to P.D. when r < (x-4) or

r > (x+4). Therefore, a = max (0,x-4) and b = min (10*WR*crdjx+4).

b
The integral 5 (r)dr may be evaluated using a 10 point

Gauss-Legendre quadrature formula i.e.,

b

f~r r (wb-) ,(ro

where

b + b+C]
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The base points, zi, are symmetrically placed with respect to

the midpoint of the interval of integration. The weights, wi,

are the same for each symmetric pair of zi. It is customary

to designate z±1 for the pair of symmetric points nearest the

midpoint, z.2 for the next symmetric pair, etc. The notation

Zin = J, Wn = K means zn = J, Z-n -J, Wn = K, Wn = K.

10-Point Formula

Z 0.14887 4339 WI .29552 42247

z±2 = 0.43339 53941 w = .26926 67193

z ±3 = 0.67940 95683 W±3  .21908 63625
z = 0.86506 33667 W±4 = .14945 13492

Z = 0.97390 65285 W5 = .06667 13433

At each r, z = 1/0 in(wl*exp(_0 2 )/r)and pl = Pd(r) is

calculated as previously explained using fna(v). If h=0,

i.e., x=0, then f(r) = pi*r*exp(-rYZ)

If h = (x*r) < 3.75 then j (h/3.75)7

and f(r) = pl*r*exp(-(xz+r 2)/2)*fnb( j

where fnb(j). =j j exp(xrcose) de

If h = x*r > 3.75 then j = 3.75/h

and f(r) = pl*r*exp(-(x-r) )* fnc(J)

"74
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where fnc(J)*exp(xr) 1e
_________ = yi- exp(xrcos6)d8

f (r) is then weighted by wi and summed. into f according to

..... the Gauss-Legendre quadrature formula

P = .5(b-a)*f
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74/08/08 PAGI

SYSTWr ?
basic
old or ne~w-o.ld newprob
VIII newprob CLASSIFJF.D I JET

r~eady
*list

Y'1 reiv CALCULATIS P.P'. TO) POINT TAPGFTS -10-PT. Gaussian-Legendre
20 dim" 7f!),w(5r),f(.5,2)

40 d~ata .070F 2308, .0422 S201, .009P27053, .000159201
45 da ta .0002 76,57 , .00004306
50 dpf fna(v) = 1-1/(1+v*(el+v*(e2+v*(eS+v*(eA+v*(e59+v*e6))))))f16
60 read b1,h2,bS5,bA,hS,bf6

'?) datta 5.S1.51,29, 3.0999424, 1.2067749?
M' data .2&59c?32, .0,36076R, .004.,1
cM def fnb(v) =1+*(b1.+v,(b2+v*(bi+v*(bA+v*(b5+v*bý6)))))
100 read c0,cI,c2,r.1,c4,c.5,c6,c7,c8
110 data WP99422P,.0132RPfý2, .00?225319, .00157565
120 data .00916R1A, .02057W706, .02&1,.57-M
1IM data .01647?f 3, .00392,37?
140 def fi'c(v) = cOv(lv(2v(lv(4v(5v(6VC-~8)))
1590 for I = 1 to 5
160 read z(i).w(i)
170 next 1.
18C data .14SP7433, )i.2P5524225 , .4A33395394 .269266719
I~ data .670-409-W, .?19!08F363, W.850635367, .14P4eb1349
190 dg ta X713.906F29, OFFF671344
200 i~ri nt TNPUT SIGM.A- (decimial form)"
210 Inplit s
22n print IPTWR, X, CEP', P-9.9
2m 1rnmt vl,xI,c,tl

*- 240 le t b = sqr(-loF(1-q-2))
24!; let c = sqr(c-2+.2351*tl 2)
25c,0 if c > 0 then A30,
260, if xJ > 0 then 2P0
270 let =I
2P0 po to S60
2M) let z = (1/b)*lop-((w1*exp(-V*2))/x1)
7C 0 If z > 3.87 then 370
710 if abs(z) < 5e-06 then 390
V20 if z(< (,1.8r7) then 410
W5 let u = abs(z)/sqr(2)
W4 let p = fna(u)

35rý0 let D = .5 + .5*abs(z)/z*p
SE'0 po to 860
ir70 let p =1
YoPvo to 86 0
T 0 let p=
400-ro t~o 86,0
410 let tp =0 7
420Opo to P_0
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470 let 10 1.1774*Wl/r.
"nh let x = 1..1~74*x1/c
AF (, let f = 0
Ar-O let bP 9.25*V3*s
470 1,f b(' < 4 t.1r !, W
A~n le t P40= x-4

APOf if AP > 0l thePn F,10
F-00 le t aý, =

F1I0 le t bc' x x+4
F2 n2l~ to 54C

V-7 le t &C 0 C
FA0 for 1 1 to5
5,5 for n I to 2
EEO le t r =5(i)(..n(b..a)+ bP+Fi5)
01V0 let z =1b*o(w*x(b2)r
FJO0 if z >7~.F.( then ffO

TOl if z<,'P) then FPO0

Elic let ui = ahs(z)/sqr(?)
e20 le t e = f na (u)
f7 r let p1 =F+*as7/e
C40 r o to 710
(F0 le t p1 = I
Ffr p-o to 71C
P'7C le t p1 =F
c-rC -o to 710
fr. let pI 0
To po to 710
71C let t x~r
"720 if 1 0 then POP
"710 if b 7 .7Th then 770
"7,dC let j-
7,r- let f-t,r) = p1~r*exn(-(.x-2+r"2)/2)*-fnb(j)
"1Fn i'o to P20
rr', Ilet j = .F,
"7no let f(i,r) plrep=xr'2/)frj/q(.
7ý'n po to P20
POO let f'(i,n) =1*e(r'2/12)
0~10 Fn to r2C
c2C let f f4-(I)*f(I~r.)
MOC ne xt r.
P4 re'xt i

* f~C let p
T0~ -rir~t int(ICOl0*r+.F~/10C0l
ý"70 ri~rnt
cn p0o to r n
Tr Pnd

TI AP
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*ru n

T11PU1T STGA- (decim~al formr)

PU~TT IT, X, CFP, P-q!ý

3ýF00,2500, 10lOO*O

22!O,0,0159,0,),5Of

1,500 0,1 C(!hl5f,

IFOO 1 0,thOO,O

PHI?
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Computation of the Offset Distance for
a Specified Probability of Damage

Situations arise when it is desirable to know the maximum

offset distance, xV at which an aim point may be placed and

still maintain a specified probability of damaging a target.

It is possible to find this maximum offset distance by an

iterative process of increasing the offset distance and cal-

culating P.D. until the lowest acceptable P.D., Pm' is found.

However, this method is slow and would be much too time con-

suming if many cases had to be considered.

Equations have been developed which yield a rapid calcula-

tion of xM when 45% < P < 95%. Two equations are given fcr

each damage sigma, an equation of a curve is used for smaller

values of WR/CEP and a linear equation for larger values.

Constants in the equations are functions of Pm"

Let x"1 de.,ote the offset distance such that P(XM) = P

and let xM be the offset distance as determined by the equations.

The following statements of accuracy. generally hold.

IxxM I 0.10 CEP

In the range of the equations of a curve, i.e. for smaller

WR/CEP:

7PAP(XMp)1 .02

79 Appendix F



jeq

In the range of the linear equations, i.e., for larger WR/CEP:

IPmP(xM); < .01

There are two exceptions to this general accuracy, both

occur at Od = .50. When Pm is in the range of 60% then

max IPm-P(xM)l < 2.5%. When P is the range of 50% then

max IPm-P(xM)I < 5%. If greater accuracy is required, it is

suggested that the equations be used to derive XM, then xM

used as an initial starting value in the P.D. computer program,

increasing or decreasing xm as necessary to find xM.

The following equations are used for determining xM as

f(od, WR, CEP, Pm). For SIGMA-20 targets, when WR/CEP < 3, then

xM.= CEP* A*(wl-w0)B

where wl = WR/CEP

w0* .58 + 1.7*Pm2

A = 5.102 - 14 . 9 4 3 5 *Pm +

22.515*Pm2  11i.674*Pm3

B =-5.218 * 2 7 . 3 7 *Pm +

-41.7?66"P m2 + 20.664"Pm 3

*wO indicates the smallest WR/CEP which can achieve Pm at the
DGZ. Therefore in the sample program if wl < wO a statement
is printed saying "P cannot be achieved with this weapon."
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When WR/CEP > 3,

XM = CEP*( A + B*wl

where wi = WR/CEP

A = -(.0153 + 1.184*P m4)

B = 1.195 - .456*pm

For Sigma-30 targets, when WR/CEP 3.5p

XM= CEP*(A+B*(w1-W0)+C*(W-WO) 2)

w±iere wi = WR/CEP

wo = (1.522 -1.2058*p )-l

A = 1.146 - l 8 5*Pm+* 975*Pm?

B = 1.4

c= -.414 + l.l2 6.*Pm - 1. 14*Pm 2

When WR/CEP > 3.5,

xm= CEP* (A + B + wi) ,

wnere wl = WR/CEP

A =-(.00662 + .93 pM4

B =1.256 -
6 7 9*Pm
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For SIGMA-40 targets, when WR/CEP < 3.5,

XM=CEP*(A+B~w~0 +(wl-wO) )

where wi WR/CEP

wO =(1.467 - 1.217*Pm)'

A =Pm/(-2.73 + 8.033 *Pm)

B =1.7 -. 4115 *Pm

C =-(.508 - l.l84*Pm1 + 1.118*Pm2 )

Whenv.WR/CEP > 3.5,

=M CEP *(A + B *wi)

where wi = WR/CEP

A = .026 - 1. Ol*Pm

B =1.234 - .785*I
Pm

For Sigma-50 targets, when WR/CEP S~5

Xm CEP*(A+B(w1-wO)+C*(w1-wO)2)'

where wi WR/CEP

wO =(1.34 -1.15*Pm)-
1

A =.28

B = 2.152 -. 24P

C = -(.0 252 + *35*Pm .33 *pM 2)
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When WR/CEP > 5,

xM = CEP*(A + B * wl)

where wl = WR/CEP

A = .113 - .864*Pm4

B = 1.17 -. 858 * PM

V
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"7,3/07l/21 PACG 9

"*list

03 rem CALCULATES MAX. OFFSET FOR MIN. REQUIRED P.D.
135 print"INPITT S"
10inInpu ts
1.9 print"INPUT P. WR, CEP"
20 input p,wcO
25 let wl = w/o'
30 if s = .P then 200
315 if s = .3 then 300
40 if s = .4 then 400
45 if s = .5 then 500
50 prlnt nonappropriate simb"
55 mo to in
200 if wl> 3 then 25n
.10 let wO = .S9+1.7*p"*
212 if Wl< wO then 5RO
215 let a = 5.1.02-14..43,5*D+?2.515*p"2-11.r74+p"3
2'0 let b = -5.211 + 27.37*p -41.766*p"2 +'1.66$*p^3
?.0 let xl = a*(w1-wO)"b
240 go to S00
250 le. a = -(.01153 + 1.14p-4)
255 let b = 1.195 - A•f,*p
2 2F, let xl = a.*hwl
2?5 Po to 600

30:1 if wl > 3.5 then 350
305 let wo = (i..2-1.2mPapY(-1)
107? if wl( we then 5sq1

- 510 let a = 1.14-1.R-.5*D+.9P7*p 2
""15 let h = 1.4
321 let c = -.. 414 + 1.126*p -1.14*p 2
-25 let xl. = a+bh(wl-wn) + c*(w1-wl)"2
330 Po to 600
N5n let a = -(.0066? +.93*p 4)
7V ý5 let b = 1.256 -. 67R8'p
W3 let xl = aWhNw1
365 go to 6nn
"100 if wl > 3.5 then 4.Mn
"405 let wO = (1.467-1.27*p)"(-1)

... 4:tif wl < w( then .5R0
"410 let a = p/(-?..• + R*.n0*p)
415 let b 1.7.•A115*p
420 let c = -(.r-1.1lq4*p + l.llqcp-2)

S27050

. ... . . -J a . . . . . *-" . . . . .
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"25 let xl = a+b*(w1- 4-) c*(w1-1"2
43• Po to RrM
45r) let a = .026 -1.0l1*p)4
4`5 let h = t.2,A•-.?P5*p
460 let .1 = &+b*wl
4P"i -o to i600

5m if wi > 5 then F.5n
5n5 let wi = (1..4-1.V9*D)-(-1)
507 If w1 < v;CO then 9Rr
51n let a = .2s
51,.. let b = 2.152-1.5?24*p
.520 let c = -(.V252 +)5*p *p')
525 let xl = a+b*(wl-wO) +c*(wl-w0)-2
530 "0 to 600
55n1 let a =4

55. let b = 1.17-.qs5Ap
560 let Y1 = a+b*wl
565 ao to 600

510 )rlntp,w," p cannot be achieved with this weapon"
3q5 Po to 20
601• if xlV n then 6n:,

61,3 let Y1 = r)
r75 let x = xl*c0
Fir print" x
62O print
630 Po to ?11
§99. en.1

ready

/

INPUT S
?.2

iNo1VTk P, WR, ('Cp* ? .R ,4500,lI000

12A55 .63

?..9,5500, 1,500
3127.116

"?.75,10000,2500
7555.1.7

?.6, 10000,2100

? .5 2000, 1 0)00
l,?ha .26.8
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"7?/.7/21. PA;E 1?

p carnot be achipvel with this weapon

I PUT S

IlPUT P. WT,
? ' .7.V,•5.'•,fnl

p cannot be achieved with this wearnor

2457. 1P7

r-8
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Computation of Probability of Damage to Circular
Area Targets with Uniform Densit'

To compute probability of damage to circular area targets

with uniformly distributed elements, concentric circles are

drawn about the DGZ (or GZ if CEP is 0) with radii ri = ril +

br where Ar is a small increment. The ith annulus is defined

as z tr r,-. zr.I The probability of damage to any target

element located in the ith annulus is Pi. If ai is the area

of intersection of the ith annulus with the target then the

average probability of damage to the uniform circular target is

X

P. a

where TR = target radius

P= "TR

and I is such that a circle of radius r1 about

the DGZ encompasses the target.

WR, target radius, offset distance of the center of the

"tarqet to the DGZ and CEP are input into the example program

as wl, tl, xl, and c. Computation, however, is based on the

87 Appendix G
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A parameters w3, t3, and x3. If CEP : 0 then

-w3 = WR =Vr

t3 = tl = target radius

x3 = xl offset distance

If CEP > 0, then

W3 1.1774*wl WR
c a

1.1774*tl TRSt3 =
c a

x3 -1.1774*xl _ offset distance

"The radius of the ith concentric circle about the DGZ is

* r(i) = rO + i*kl. rO is the initial value of r(i) and is 0

- -if the DGZ is located inside the target area. Referring to

figure G-l, if the DGZ is located outside the target area

then rO = x3-t3. In the example program kl =Ar t3/10.

"•-0.
tt

ro=o ro=x3-t3

"DGZ Inside Target DGZ Outside Target
- Figure G-1

"- 88
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If the intersection of the ith concentric circle about

the DGZ with the target is s(i), then the intersection of the

ith annulus with the target is a(i) = s(i)-s(i-l). (See figure

G-2)

Figure G-2

The program uses the notation x = r(i) -. 5wkl, where x is the

average offset distance of target elements in the ith annulus.

The average probability of damage p(i) to target elements

in the ith annulus is computed as follows.

If the CEP = 0, then p(i) = Pd(x) = I e

where z Wx) f <W3e• "

If CEP > 0, then p(i) f PJ r exp(-.5(r2+X2-2rxcos6))drdO

The probability p(i) is multiplied by a(i) and this

product is summed for all i.

89
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This process is continued by incrementing r(i), computing

s(i), a(i), and p(i) for each r(i), and summing p(i)*a(i) until

r(i) = t3 + x3, i.e., until the concentric circles about the

DGZ cover the total target area.

The average P.D. to the target, P, is then

-r ' t3),z' P i

The area of intersection of two circles, s(i),-is cal-

culated as follows. If the DG7 is inside the target, then

"- * r(i) < t3 = x3.

In this case s(i) = r r(i) 2  (See figure G-3)

Figure G-3

For a DGZ inside or outside the target where r(i) is greater

than (t3 - x3) (See figure G-4),

t3(r) t3

"DGZ Inside Target DGZ Outside Target
Figure G-4
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the following notation is used

dl the cartesian coordinate in the horizontal direction of

the intersection of the ith circle about the DGZ with

the target, based on a coordinate system centered at the

DGZ.

2 2. t2
- r+(L] -t3 - X3'

2-X3

d2 = the cartesian coordinate in the horizontal direction of

the intersection of the ith circle about the DGZ with

the target, based Gn a coordinate system centered at the

target center.

d1-K3

yl = y2 = the cartesian coordinate in the vertical direction

of the intersection of the ith circle about the

DGZ with the target. It is the same if the coordinate

"system is centered a c the DGZ or at the t,..get center.

al = atn (yl/dl)
where atn is the arctangent function

a2 = atn (y2/d2)

91
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In the example program, if yl/dl or y2/d2 is negative the

computer places the arctangent in the fourth quadran:. Since

an angle in the second quadrant is desired, ir radians ire

added. Therefore,

if dl < 0 then al = atn (yl/dl) + n

if d2 < 0 then a2 = atn (y2/d2) + 7T

if dl or d2 =0 then al or a2 is rr/2 radians

s(i) =sl +s2

where sl = r (i)2* (a1-.5sin(2(a1))

s2 =t3 2 *7r t3 2 * (a2-.5sin(2*a2))

92



74/08/09 PAGE~

*list

M06. ~in ? z(2), r(25) a2)s(5 52

1C read P1.e2,(b3,pA,fb5,bF~

15 d~tA .070F23 07P4, N-0226320121 .0092T0572
2r d~ata .00015? 01435, ,00027ff' e72, .V0r043 063!P
2F def fna(v) = 1-1/(1.V*(e1l+v*(e-2,,*(e3+v*(e04+v*(e5,rfre6))))))Yi(-
.40 m~ad bl b?Jb3.b4 b5.b6
:15 dfttA -.F41FF229, " ' XR9424, 1.20F?'4ý2
4C data .2F!59?312, .036076R, C.0f4-P13
.4F def fr.b(v) = 1I~v*(bl+v*(2+v*(rN3+r*(b4+v*(b5+v*b6)))))
T' read cOC,c1,r2,c31,c4,,c5,c-,cr7,cS
!f data .3999A??R , .01:W,592 , .0022r-5~19, .001.5rr5ff
M0 data .00916291, .020E7706, .0263FrC7?
(F data Ojf1_6"E,;77, .0039q23?7
"0 def fnc'.(v) =cOv(lv(2v('-*c-v(,-*c-*c-*P)))
"ry for 12 = 1 to 5
72 read z(12).w(i2)
'n next V2
74 data .14FPR747339, .2S;F521.225 .339 .269266719

Sdata .6794C95Ffl7, W21-OC'(7C3, .Pfr)06,336? .149451349
76 d~ata .9R7P90C529, V.Offf7j:!4

'7P nrint- irput SIGM~A - (decimnal forn)'
PO inrut S
FF print- input VR,TP,X,rYP
cT input wl,t1,xl Ic
F95 let I- sqr(-.los(I-s2)
100 if c = then 125
105 le t x7. = 1.1774*Xl/r
110 lFet w3ý = 1.17?4*wl/c
115F le t t3 = 1.179,4*t/c.
120 ro to 140
12F let-x' x
IX. le t W=w I
13F let V, tl
140, let r2 =0
1 It- lt i V
if-O let t":/](
155: if Y,- > 0 tf Pr. 17P.
1F0 po sub ',ý20
Irv. ro to ý-O
170 if x3ý )> * tlen IýCC
175ý rer rC7 TbýýTIP. TAU-F T
100 let rO, 0

I o to ?ýF
10 re C7 rTV1S]"T 'P WET

15)5 Icet rO =

200 repr- r( i) IS .rY; KP)flj f)-, r-:J-jTl ~t~i iH.t1dI~~~u .
20F I!.t 5 -i 41
210 le t r(i') = rr +i~l1A9
215F i f x 7 +r i) > t 7 t rPn 27--



74/M8/09 1'Ari
220 rem )NNMI.1S CONTA1,101) INSDI1W TAKIr
22F let s(i) =3.141FP.r(i)2
2X0 Po tn 255
275 rem P1'T1iTS IOT CCI,)T )1 IWSIDE TARG}T
240 if r(i) < t-+x3 then 250
245 let r(i) = t.+Xl
25 0 po sub M5?!;! let at i) = S(1W - s(i-1)

260 reir, x IS TIT}N AME (CYFSYT 0'I,..(i (,1 •c. )RC.) ---

2F] 1 V~ I
2FF let x = r(1) -. f'1:i
270. o suib .TF.
27F let !)? = p2+.*a(i)

2PV if ts(1--r(0))< ,C1 tler, 2?ff.
2Mr Po L.o 20F
290 let P2 = p2/(3.1MAIF5*tV2)
T 0 print uslrr 30, ,p2

710 print
315 P'o to 90
'x20 rem r.'rCZ AT C.ThIRl OF' UCTA?
325 for i = 1 to 1i
W30 let r(i) = i4kl
35 let x = r(i) -. 5"kl
.0 let s(i) = 3.:415.•r(i)2
3 let a(i) = s(i)-s(i-1)
350 po sub 385
,55 let P2 = p2 +p*a(i)
3CO next I
W- let p2 = p2/(5,14159*t3"2)

770 print using 305,p2
Y,0 return
3&1ýrem CALCULTFS PD
T0 if c = 0 then E10
40E let f = 0
410 let bg =
4.15 if bg< 4 then 433
420 let P.9 = x-4
423 if aP > 0 then 428
425 let aS. = 0
42 F let lc = x+4
4.., ro to 435
47,3 let a9 = 0
43F for 12 = 1 tC (
47 F for r = I to 2
440 let r = 5*(z(i2)*(-I)r,'(Clao)+i,+ac)
4AF let z = (I/b)*lo,(w3*exp(-V2))/r)
.•0 if z .,7.S7 then AP5

AF F if ab-(z) < 5e-OF then 495
4erf if z , (-3.F37) then 50.
4 (T let v = abs(z)/:or(2)
d7V let e = fna(u)
'7;5 let p1 =
4Ao lo to I F1-4P,5 let rl =1 94



490 ro to 0~ 515RO' ~~i
A05 let p1 = .5
-T0 'ro to 51,5
F50 let p1 = 0
1510 ro to 515
M19 let h = x*r
520 ifbh= 0 then 570
.922 if h > 3.75 then 535
525ý let J = (h*h)/(3.7.5*,.7!5)
f527 lp t fWi2n) = p)1*y~pxp(-(x 2+r'2)/2)*fnb(J)
30 ro to 0 FP

TS let J = 3.75/h
F4 0 Iket f(12,n) =~'x-% r /~*f~J/q(j
545 vo to 57.5
.T0 ro to 590
-17M let f(i2,'n) =p1*r*pxp(-i-2/2,)

.0 let f = f~w(i2)*f(i2,n)
T ~f2 ne xt ii
-P5 next 12
FOO let p = 5(c,%)*
60-r po tc 6Pr
clO0 rem CALCUIATFS Pd YR?,OY CZ
615 let z = l,/b*lop((w1*exp(-V'2))/x)
C2C If z > I.P17 then 655
F2. F.If stbs(z) < r~e-06 then 6F13
r.50 if Z < (-4%8~7 ) then 675
f 7. let u = abs(z)/sqr(2)
FA 0 let P = fna(u)
FA F let p = .5+.5*abs(z)/z*e
Er0 ro to FPO
F.5 let p = 1
ce6c p0 to cpfn
6ff, let p = .5
e7O ro to FPO
675 let p= 0
6R0 re ti r-r.
FY25 Trem CALULTUTS RIITRSr.TI0N W11N MIF CIBCLI IS h0T C0VIIAINIM)
ETO reir INFI1Th TF1. OT1rR
Fc5! let el = (r(i)Y2 -LO2 +x3 2)/(2*xl)
7or let Y1 = sqr(r(i)"2 -dl12)
T'5 let d2? = d~l-x37
'710 let y2 = sqr(tl 2.-d2"2)
71V; if d2 0 0 then 730
7 20 le t a2 = ELtn (Y2/d2) + (3595/113)
72! p o t o 7,T
7T3 if d.2 > 0 then 745
",3 -r let aL2 = (s/1).
'740 Po to 7"~
'7AS let a2 = atn(y2/d2,
17.0 if' dl.> 0 then 7ff5
'7!;F let aL1 = atn(yI/dl) + 0,55/113)
760 Mo t o 7RcF) 95



74/08/09 PAGE 4
765 if dl> 0 then 780
770 let al
775 po to 7&r)
780 let al = atn(Yl/d.1)
7P.5 let si = r0Y'*2*(ai-.5*sin(2*a1))
7ý'O let b al*180/3.141,59
"79F, let bI= a2*180/3.'1l59q
800 le t s2 Vi? 3,/1) 32(a- r*sn(*-)
805 let s(I) =sl+s2

Eio0 let a(l) =s(i)-s(t--l)

P15 return

825ý P.nd

IF A PY
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input STG1.A (decimal form)

input YRT.,,F

3500.I500,4000,1ROO
.298

FICO, 2000 .4000 ,1500
F 15

1500,450,500,2000

1500,4500.0,1000
U'2
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DISTRIBUTION LIST

DOD AND JOINT ACT!VITIES

AOIC I AFS COL
A:15 2 DARPA
A'n24 4 (2EF NUCLEAR AGCY
Afl45 2 OCA
A1ý48 2 OEF CIV PREP AGCY

AIRS NAT WAR COLLEGE
A195 13 NMCSSC
Ar96 3 NEACP
A -'S7 2 C~IA GRP ANMCC
A115 I CASO (ISA)
A12! 2 CSD (DD R & El

A17! 6 WSEG
A2r5 I DMATC
A215 1 DMAHC CODE MP2
*A220~ 30nl DMAHC DEPO3T PHIL
A221 15 DMAHC DEPOT CFLD
A 301 a 8 c CS
A3tnl I JCS/J-5 STRATNEGBR
A330! I JCS/J-3 NWSB
A353 9 JSTPS
Aý12 I USDOCOSTRI KFRSOUTH
8132 1 DIA/DE-1
B1134 I OIA/OE-2
8 136 1 DIAIDE-3
R155 IOIAIDS-4A5 (PP)
0 163'~ 1 DIA/DT-18

*8167 1 DTA/D1-28
-8152 1. DIA/DS-4C3 (STOCK)
855" 1 DIA/DS-4A4 (PENT)
8565 1 OIA/DI-2AS
8581 1 014/tOI-3A
85q7 I DTA/01-3F- (AHS)

8612 1 DIA/DI-4C4A
8651 1 OIA/DI-5X
8737 2 OIAIOS-48
8785 1 OIA/OT-3n
8B824 25 DIA/0I-70
882! 1 QIA/DI-7E

* U.S. ARM4Y

Cr,34 1 CH ROCA
C052 CH OF ENGINEERS

C235 1 IST INF OIVIMECH)
C242 1 FORSCOM
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C42e I OP TESTEEVAL AGCY
C454 7 FLO ARTY SCH
C459 I COMr-GEN STF COL
C461 1 INFANTRY SCH
C47C I ARMY WAR COL
C500 1 HO TRADOC
c !l"19 1 BALLISTIC RES LABS
C513 2 PICATINNY ARSENAL
C523 1 HARRY DIANONO LAR
C538 1 WHITE SANDS MSL RG
C53 ; 1 7RASANA

C565 1 ARMCOM

CS5U 2 FSTC
C591 1 INFANTRY CTR
C6C5 2 JFK CTR PiL ASSIST
C617 I CONCEPT ANLYS AGCY
C615 6 MIA REDSTONE
Cf32 2 CRD CTR 9 SCH
C63S I CMNTETNG DEV DIR
C681 I ASA
C76? 1 CACSI-S E T DIV
C76e I OACSI-USAITAD

U.S. NAVY

Done 2 NI Sc
0033 1 STRATANALSUPPGRU
Dn42 I NAVFACENGCOM
0151 1 NAVEOOFAC INO HEAD
D153 I PAC MSL RANGE
0159 1 NA VAIRDEVCEN
n2f,2 1 NAY WAR COL
0217 1 NAVWPNSCEN
022C 1 ONR
0244 1 NAVOROSYSCOM
D246 I NAVWc.PSLAB DAHLGRN
0247 2 NOL WI-ITF OAK
;24F 4 NAVSHIPSYSCOM
0 025e 1 NAVSHIPREDOCTR DC
0i6s 1 NAS SO. WEYMOUTH
0496 1 DIR SSPO
D561 1 NWEPEVLFAC KIRTLNO
0947 1 NAVINTCOM 34
D•58 1 OP 603
D?8C I OP fl980

o002 1 OP 96 (ONMI
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U.S. AIR FORCE

Fo1f 2 AI-ISINDOC
VE 17 2 AF/RDGC-W
E 17E 7 AF/RDGC-C
EM5 1 AF/INAKfA

F 1rT 94 TAC (qTH TIS/ADDI
E221 I AF/SAJ
E3t'3 1 AFfINAP
F310~ 2 AF/XOX
E313 1 AF/XOXFS
E314 1 AF/XOXFC
E317 4 AF/SAMI
E33r 6 AF/SAS
E35C I AF/XOOCKO
E4cI 2 AFIC
E4C3 I AFSC/!NI
EM4F 5 AFWL
E41C I ADTC
F4,11 2 FTD/PDYA
E412 1 SAMSO fINHN)
E413 2 ESO
E42'1 5 FTD
E427 1 RAMC
E4219 S aMSO (IND)
E43f I AFSCC (SUR)
E45( I AIR UJNIV
F4.51 54 ALL/LSFI
E5Oc 60 AFAITC

UNIFIED AND SPECIFIED COMMANDS

F0r5 1 CINCAL
F I CP 2 ALAIRCOMD

GC#1c 5 CINCONAD
Gill 1 21ST CONAD RGN
G114 I 25TWCONAn RGN
G300 2 USA AIRDEF COMO
Hcf15 3 USC INC EUR
M006 11 LSEtJCOM DEFANALCTR
HIrI 3... VSAFF 497RTG (IRC)
M300t 2 USAICE(USAREUR)
H?15 I USTASC!MEUR
H511 I COMSI XTHFL T
H53C 1 HO 1ST ARMORED DIV
10 P 5 1 CINCLANT
JC27 I FAISCEN OCEANA
J13F 1 FAISCEN CECIL,
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J364 271 NUWPNTRtG'RULA'4T
JS1'2 1 CCMISECnNOFLT
J51S 2 FICEURLANT
J593 I COMCPTEVFIJR
J8('c 1 COMCARGU 2
Je42 I COMCARGRU 4

4Je4? 1 COMCARGRtJ 6
J945 1 COMFAIRKEFLAVIK
J951 1 CLIMLA TklNGOWE
J991 1 FITCLANT
J993 I SEZONDF'AW
KcO15 2 CINCPAC
KC2C I COMVSTOC
K1I'C 19 PACAF 548 RTG
K30t' I IPAC
K365 15 NUWPNTRAGRUPAC
Kdi'8 I. FA ISCE NLEMORE (42AA
X41C 1 FA ISCENWhIDBY-42AA
K4.!' 1 FAISCENALAME(42AA
K43! 1 NAVINShiARIPSGREPAC
K 50#' 1 CINCPACFLT

Ki)Of 2 FICPAC
KSIC 1 COIANAV7CRJAPAN
K516 I FtRST MAF
K525 I COMNAVAIRPAC
K6U3 I IHIROMAW
K632 I1II I! MARPI4IPFORFMF

K65r 1 COMPHIRPAC
K i 55 1 CflMOHI OFORTTHFLT
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2. Page 19: change last line to read, "wh,.rc: 0.6551"*.
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3. Page 22:' first term on right side of lawt equation .hould

ax

4.' Page 28, second paraqraph: change sc~wnth and ,it',th
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5. Page 61: change second line to read, "of .30. if 1h1
appropriate damage sigma, s, differs.

6. Page 72: fifth line from bottom of page Thoul!d i. vii

"-x 1.1774 * xl/ca"."

7. Page 73: c::anqe second parairaph to read, Wi.;rw.., t
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9. Page 77: change l in(, 400 to r,.-ad, " I t b. 1. . 3)

10. Page 94: changet line-' 410( .i ,' lt W) 1. 0,'• *

exp (2.8".• )",

,11. t'.ie-" 95:0 ,c lt,,i - - . 1') 7

lnc lo:ur.: t.o U- I "7 ,'1, 11.- .
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