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SUMMARY

The conclusions of many studies of strategic warfare rest heavily o
assumptions concerning fatalities and contain errors because of
inconsistencies in the methodology. This Paper considers in «etail
the types of computational sensitivity that arise in urban blast
fatality calculations and attempts to uncover areas where errorc

are made. The Paper examines the effects of various assumptions on
the resulting estimates of fatalities. In order to obtain a tractable
mathematical problem, mest strategic studies neglect: (1) the effects
of strategic warnirg, (2) other attack or defense objectives besides
fatalities, injuries, and (3) the effects of fire and fallout. This
procedure is also followed here,

Two basic tools are used in this review of the sensitivity of
blast fatality calculetions: first, a computer program that computes
survivors in a city under an optimized attack, with a given number of
weapons, and, second, a quasi-analytical damage law, the "Square Root
Damage Law," which is used to correlate the results. Neither of these
tools is new, but they have both been used without adequate cali-
bration. The computer program used here appears to calcularte resulcts
that are usually within one percent of the mathematical optimum and
therefore serves as an adequate tool to test the sensitivity to
various effects.

This basic computer program is used to study such effects as
sensitivity of fatalities to weapon yield, reliability, or target
vulnerability. The effects of various blast shelter options and
methods of target designation are studied by extending the basic
calculational methods. Attention is concentrated upon a few metro-
politan areas, which are studied in detail (no nationwide results
are presentec), Where possible, a rationale is developed to explain
the results obtained.
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FOREWORD

The work described in this paper originated as part ot the systens
evaluation assistance rendered to the OEP-OCD Study Group under Task
Order 4116C, Contract DAHC 20-70-C-0287 with the Office of Civil Defense,
Department of the Army.

The computer calculations on which the study is based were all
performed in the period from August 20 to October z4, 13969. Many
of the results were suppiied piecemeal to the IDA/OEP Study as time
progressed. The author wishes to express appreciation to Mr. J.
Cogdell of IDA, the System Analysis Panel Chairman of the OEP-OCH
Study for a number of suggéstions which led to several of the linec
of study followed here.

At the canclusion of the computational effort it was apparent
that further analyses were required to properly present the ccllected
data.

The goal of this paper is to fulfill, in at least some degree, the
purpose of significantly improving the methodology of assessing the
effectiveness of civil defense systems, and to eliminate at least
some unnecessary errors from these analyses which must be based on
many arbitrary assumptions.

The Systems Analysis methodolcgy described herein was developed
under Task Order 4126F, Evaluation of Total Local Civil Defense
Systems, of the cited contract and wss under the general supervision
of Mr. Neal FitzSimons of the Office of Civil Defense.
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SUMMARY

The conclusions of many studies of strategic warfare rest heavily cn
assurptions concerning fatalities and c¢contain errors because of
inconsistenciaes in the methodology. This Paper considers in detail
the types of computational sensitivity that arise in urban blast
fatality calculations and attempts to uncover areas where errors

The Paper examines the effects of various assumptions on
In order to obtain a tractable

(1) the effects

are made.
the resulting estimates of fatalities,
mathematical problem, most strategic studies neglect:
of strategic warning, (2) other attack or defense cbjectives besides
fatalities, injuries, and {3) the effects of fire and fallout. This
procedure is also followed here.
Two basic tools are used in this review of the sensitivity of

blast fatality calculations: first, a computer program that zomputes

survivors in a city under an optimized attack, with a given number of

weapons, and, second, a quasi-analytical damage law, the "Square Roct
Damage Law," which is used to correlate the results. Neither of these
tools is new, but they have bcth been used without adequate cali-
bration. The computer program used here appears to calculate results
that are usually within one percent of the mathematical optimum and
therefore serves as an adequate tool to test the sensitivity to
various effects.

This basic computer program is used to study such effects as
sensitivity of fatalities to weapon yield, reliability, or target
vulnerability. The effects of various blast shelter options and
methods of target designation are studied by extending the basic
calculational methcds. Attention is concentrated upon a few metro-
which are studied in detail (no nationwide results

politan areas,
Where possible, a rationale is developed to explain

are presented).

the results obtained. o
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CONCLUSIONS

The computer program used tc optimize an attack and compute fatalities

produces consistent results and appears to produce results clcse t©o
the mathematical optimum. The quasi-analytical law--the square root
damage law--produces curves representing survivors as a function of
number of weapons whose shape matches the square root damage law
very well, cften within one percent, and allows a single constant
to be used to describe the results of a set of assumptions.

The major conclusions are listed below (and are broken out to

indicate the section in which they are discussed):

A TYPICAL CALCULATION (Section 3)

(1) The distributions of expected survivors (over area)
obtained from the expected value calculations after the detona-
tion of several weapons are dominated by the survival probabili-
ties at large distances. A Monte Carlo simulation yields
significantly different survival patterns from those resuiting
from expected value calculations.

(2) The differences in calculated damage due solely to
uncontrollable statistical fluctuations arising from weapon
unreliability or aiming errors can be large. This places a
limit on the accuracy of prediction even if there is perfect
knowledge of every parameter.

SENSITIVITY TO PARAMETERS (Section 4)

(3) The difference in shape between the "Square Root
Damage Law" calculations (an expression for calculated survivors

1. The word small is used here when for any number of weapons the

difference in survivors between two calculations is less than 5 per-

cent. The word large is used whenever at some level of survivors more

than a 20 percent difference between two calculations is obtained in
the number of weapons needed to give that level of survivors. These
two words are defined for convenience in describing the results and

do not imply any judgment on what should be significant differences

between strategic systems.
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X,
of the forn e "7({1 ++X)) and the result; from the computer
optimization is small in most situations,

(4) A modified form of the square roct damage law gives
2ven closer approximations to the shape of the computer resuits
in a form that is consistent with the assumptions in a quasi-
theoretical derivation using a weapon density assumption.

(5) The differences in scaled weapon requirements to pro-
duce a specific number of casualties due to variations in either
weapon yield, CEP, delivery probability, or target vulnerability
can be large.

SENSITIVITY TC TARGET DISTRIBUTION (Section 5)

{6) The differences in weapon requirements due to differences

in the details of the population distribution between cities can
be large.

INFLUENCE CF ATTACK OPTIMIZATION (Section ©)

(7) The difference in survivors calculated from an attack
optimized against one population distribution (e.g., 1960 census)
ind evaluated against a second (e.g., 1975 estimates) and an
attack both optimized and eveluated against the same population
distribution is small.

(8) If an attack of several weapons is cptimized against
targets other than population in a city, the differences in
calculated surviving population can be large. However, if sub-
sequent weapons are then optimized against population, the final
difference may again become small.

(9) The differences in scaled weapon requirements between
large- or small-yield weapons can be large. However, if a few
large-yield weapons sre followed by small-yield weapons optimally
targeted, the differences from an attack using all small-yield
weapons eventudlly becomes small.

BLAST SHELTERED POPULATIONS (Section 7)

(10) When some fraction of the population, uniform with
location, has blast sheltering and the rest do not, the survivors
can be calculated by an exact optimization or by a simple weighted
averaging of two simpler calculations where each assumes the
entire population at one of the two overpressures concerned.

The differences are small.

(11) When an attack optimized for one shelter fraction, or
blast shelter overpressure, and evaluated at a second is compdred
with an attack optimized and evaluated at the same condition, the
differences are usually small.
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(12) An "oprimal® blast shelter deployment can be developed
through the use uf double Lagrange multipliers in a min-max
calculation where the defender is trying to minimize fatalities
by choosing a sheiter vainerability that may vary with position
and the attacker is trying to maximize fatalities against this
shelter deployment. When this complicated optimal deployment is
compared with a simple deplcyment of constant vulnerability that
costs the same (assuming a cost per space proportional to the
shelter overpressure and no fixed cost) the differences are small.

NFSS SHELTERE" POPULATION (Section 8)

(13) Under specific vulnerability assumprions for National
Fallout Shelter Survey {NFSS) shelters (12 psi below ground,
7 psi above ground, 4 psi for unsheltered population) the use
of an NFSS shelter may substantizlly increase fatalities due to
blast.

(14) The difference between an exact calculation of blast
vulnerability of population in NFSS shelters, where the number
of shelters may be different at each location, and a simple
averaging procedure is small.

(15) Thne NFSS shelter combinations for each of the thrze
cities studied were very different. Further work should determine
shelter availability in each major city if best use is to be made
of these shelters. Moreover, shelter allocation routines should
be develeped to determine the best geographic use of the available
shelters,

On the basis of these cond usions, the use of the "Square Root
Damage Law" seems justified in most situations, and simple averaginc
techniques are often applicable for mixtures of populations in
different sheltering situations. Hcwever, care must be taken in the
manner in which the damage laws are used or large errors may result.
These errors are not lessened by switching to detailed calculaticns
on each census tract unless such calculations properly include such
effects as weapon reliability and other parameters. In any event,

a careless calculation of nationwide fatalities which does not pay
proper attention tc how urban blast fatalities are determined will
not contribute to an understanding of strategic warfare requirements,
and any specific conclusions obtained are likely to be misleading.

It is difficult, if not impossible, to find calculations of nation-
wide fatalities that are not likely to have large errors.

xix
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INTRODUCTION

In assessing the merit of various offensive and defensive strategic
systems, the most commorily used yardstick is the number of people
killed in urban areas from blast effects. This figure is calculated
by a number of techniques, usually computer implemented. Curves of
nationwide fatalities as a function of the number of weapons used is
usually the result, Underlying these calculations, which are usually
very precise and often assumed accurate, is the basic model for
computing, city-by-city, the fatalities from various numbers of
weapons, If the natiorwide calculations are to reflect differences
in system capabilities in any usable way, the individual city calcula-
tions must aiso reflect such differences. In many studies this is
not the case, and the comparisons of different candidate systems
cannot be justified on the basis of the assumptions claimed. This
occurs because the basic models of city damage, upon which the
evaluation structure is based, are inadequate.

This paper att.npts to provide a basis for improving the analysis
of strategic warfare by studying in detail the damage calculations
of individual cities. It does not discuss the physical basis for
such calculations, which are treated parametrically, but is restricted
to considering the logical implicaticn of the types of physical
assumption usually made. The usual basic assumption made to describe
the physical situation is that orly fatalities produced by the blast

1

wave are considered. This assumption will also be adopted herein.

1. The limiting of calculations to blast fatalities is not as
restrictive as may first appear. The result of the physical calcula-
tion is to produce a curve of probability of kill as a function of
distance from a weapon. Since the curve may e thought of as repre-
senting combined effects of blast wave, prompt thermal radiation,
prompt nuclear radiation, and other effects which are centered at

1
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Given tThe basic physical representation, then, attention can be con-
centrated upon drawirg legically consistent conclusions from compariscn
of calculations in different situations of interest to the analyst.

The effects of a nuclear detonation in an urban area would cer-
tainly not be restricted to immediate deaths, There would be also,
many people injured to various degrees, a large amount of destruction
of property, and residual nuclear radiation which would leave parts
of the city unapproachable for a cansiderable time. These immediate
effects would, in turn, disrupt economic, social, and cultural in-
stitutions so that a complete description of the havoc created Ly
nuclear weapons would have to include these derived contributions to
human misery. These elements have generally been ignored for systems
analysis purposes.2 In fact, it often also is assumed that an attacker
alsc adopts maximizing direct fatalities as his objective. While this
type of assumption is necessary to obtain a well-defined mathematical
problem, it is necessary that the user of such results be prcvided
with enough information tc be able to apply the purely analytical
results more subjectively. The common habit of restricting answers
to nationwide results usually precludes any of this type of heuristic
information becoming available.

The mathematical idealization generally adopted assumes that only
blast fatalities are considered in the value function; that, at best,
tactical warning of an attack is given so people are in the cities at
che time of an attack; and that an attacker is attempting to maximize

i. (cont'd) groind zero, the number used to characterize blast
vulnerability can be nicdified to also include some of these other
effects. Due to the uncertainty present in calculations of physical
effects, such combined probability of kill curves can combine the
knowledge available from many effects with no great loss of accuracy.

2. Many attempts have been made to include economic effects in
strategic analysis by including calculations of the physical des-
truction of the capital apparatus of various sectors of the economy.
However, due to lack of a generally available data base, such efforts
of ten cannot represent more than very gross calculations which do not
allow for any comparisons between certain kinds of systems.
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fatalities. In other words, sufficient assumptions are made to
reduce the problem to one of mathematical programming. At this point

one of two paths may be rollowed:

(1) An optimization algcritbm, which usually requires
extensive computer calculation, may be developed which produces
specific calculations of fatalities as a functicn of number of
weapons used; or

(2) A quasi-analytic method may be used tc yield an explicit
expression for fatalities as a function of number of weapons in
terms of some parameters describing the city.

In the past decade, a large number of studies have adopted one
of these two techniques. However, there never has been, to the
author's knowledge, a serious attempt to investigate in detail the
effect of the various assumptions made before producing nationwide
fatality calculations.3 The result has been, in the author's opinion,
not only a duplication of effort and unnecessary complication of cal-
culations, but a serious confusion concerning the applicability of
such results.

The problems of optimization become aggravated when various civil
defense shelter alternatives are considered. Under such conditions,
it becomes necessary to consider different population levels mixed
with various kinds of shelter. If fallout vulnerability of the popu-
lace is also under consideration, the methods for assessing blast
vulnerability must be combined with fallcut vulnerability calculations.
The problems using either optimization orocedures or quasi-analytic
techniques are multiplied4 in this situation.

In this Paper an optimization program 1s used to make urban

fatality calculations under a number of different assumptions. 1In

3. The one exception to this statement known by this author is
an unclassified Appendix by S. Smith to Weapons Systems Evaluation
Group Report 91, where calculations were made of the distribution of
fatalities in the presence of ballistic missile defense characterized
by a '"price" model.

4, Such questions, generated by the IDA/OEP Study, were the imme-
diate motivation for some of the work in this study. The DASH computer
program, written by Systems Sciences Corp., and used at the National

3




vrwer to exhibit the res lts of such calculations, no attempt is
made to make nationwide fatality calculations. Only exemplar cities
are used,5 ard "2 results are presented in detail for these cities,
The optimization algorithm seeks to maximize expected fatalities
from each weapon through a grid searching technique on a population
located by census tracts. The expected survivors are then used as a
target and the process repeated. A sequential, rather than simul-
taneous, optimization is cbtained. Although no exact standard is
available, on the basis of detailed experience, this program appears
to be usually within one percent of a true optimum. The computer
calculated results are used in the same fashion that experimental
data might be and correlated by techniques often used in engineering.

One of the guasi-analytical techniques develops a damage function,
called the "Square Root Damage Law," using an assumption of infini-
tesimal size weapon targeting a Gaussian distribution of population.
This technique is used here as a means of correlating the various com-
puter calculations to determine the sensitivity of the blast fatality
calculartions to the sundry assumptions. The results provide a guide
to0 the analyst concerning those effects and assumptions which must be
considered for a particular set of system comparisons.

Section II presents a summary of the basic methods used tc obtain
the results that are discussed in succeeding sections. It describes

4, (cont'd) Civil Defenise Computer Facility for CCD, could make
combined calculations, if an attack were given. In addition some
simplified methods were being used to combine pure blast and pure
fallout calculations. The DASH program could not produce a sufficient
number of results, and cculd not provide sufficient visibility into
any detailed calculations to yield more than a few check points. The
approximate calculations were of unknown validity. As a result, the
effectiveness of various shelter systems, even if all the physical
and social assumptions were accepted, was difficult to ascertain.

5. Most of the calculations are for Detroit, Michigan. The cities
cf washington, D. C., and Flint, Michigan are also used for comparison
with Detroit, In each case, the entire metropolitan area is taken
as the target.
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the derivation of the damage laws used as a means of correlation,
and a specific method of optimelly deploving tlast shelters which.

is studied in a later section. In addition, the optimizing corputer
program is described, as well as the underlying information needed,
i.e., vulnerability functions and the populatior. descriptiomn.

In Section III, the results of a few sample calculaticns are
presented in detail. The estimated distributicn of survivor: fron
the expected value calculations are presented in maps which illustrate
the targeting selections made by the computer. The meaning of these
expected value calculations is further illustrated by Monte Carlo
calculaticns which show the distributions of results that might be
cbtained from those statistical events averaged out in the expectec
value calculations.

In Section IV, the sensitivity of the calculated fatalities to
variations in the assumed weapon yield, weapon reliability, weapocn
delivery error, or target hardness are presented. Thic is done
through use of the square root damage law as a correlating tool.

Section V compares results using several types of targets such
as various population distributions in the same city and different
cities,

The sensitivity of the calculated results to the methods used to
optimize the attack is considered in Section VI. The basic computer
program is modified to allow different methods of attack optimization,
but fatalities are compared using the same merhod of evaluatiorn.

The effect of optimizing the attack against an uncorrect population,
assumptions of optimizing against other than population, and the uce
of a mixture of weapon yields on the same city ere considered.

Populations in blast shelters are considered in Section VII. The
effects of mixing sheltered and unsheltered population, and of blast
shelter mean lethal overpressure optimization techniques are con-
sidered.

In Section VIII, use is made of fallout shelter location date ilrom
the National Fallout Shelter Survey to compare blast f{ataliticc calcu-
lations using these shelters with those resulting from normal recidential
lorations.
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BASIC METHODOLOGY

The methods by which the computer calculations were performed and the
results correlated are described in this section. The first part will
summarize the derivation of the basic damage function used as a
correlation technique. Because the analytical techniques are similar
this is followed by a summary of the derivation of a method of opti-
mally deploying blast shelters. Next, the computer program used for
the optimization and the damage functions are described. Finally,

the sources of data used to define the targets are described along
with some basic characteristics of the target obtained from the

data.

A, DAMAGE LAW DERIVATION

Several methods have been used to obtain simple analytic expres-
sions for survivors as a function of the number of weapons deliivered
on a city. This paper uses the approach derived by R. Galiano and
H. Everett which is probably the most elegant of these and has gained
wide acceptance.l

The basic formulation as described by Galiano and Everett uses a
concept of weapon density, which implies a weapon effects radius that is
small compared to other parameters of interest. Their approach is
suiﬁarized here, using their terminology, as follows:

Define:
P = Position coordinate
w(P) = Density of weapons at P(number/unit area)

1. Robert J. Galiano and Hugh Everett, III, Defense Models IV,
Family of Damage Functions for Multiple Weapon Attacks, Lambda Corp.,
Paper 6, March 1967/.
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V(P) = Target value density (value/unit area) at P

F(1) = Fraction of destructicrn produced by w, without
hardening

u(P) = Vulnerability (hardening) factor (0 < u < 1) ex-
pressed as an effective degredation of weapon density

W = Total number of weapons intended against the target.

The rotal payoff, H, is given by

He= [,V F(uw)da (1)

where the integration is over the entire target area A. The total

number of weapons is given by
w = f wda (2)

A Lagrange multiplier, )\, is introduced to find the optimum weapon
density., Thus an unconstrained maximum for the Lagrangian

L =H- W
is sought. This can be found by maximizing
L = fIVF(uw) - w] dA

or, since V, w, and u depend only on P, at each P finding the wi

which maximizes
[VF(uw) - ] . (3)

An internal maximum is found by equating the derivative with respect

to & equal to 0. Then

d *y - A
ab- E—'(uw)\) = W .




A i

Call G, (F')-l, the inverse function of the derivative of F. Then

AY

wi=&&%& (4)

(4) is valid if wi > 0 and if L is maximized. Since: L = 0 is always

a possible solution, L(w*) > 0 is necessary for Eq. 4 to be used.

Otherwise w{ = 0, Thus

G() if w¥ > 0 and L(w¥) > 0

£l

(5)

ye;;.
]
o Tl

otherwise,

The total payoff Hk and weapon usage W, is obtained by substituting

X
Eq. 5 into Egs. 1 and 2.

Now expressions for F(w) are desired. For one case suppose N
weapons are delivered at random over a region of aree A, and each

weapon has a lethal area m Ri and delivery probability Pd’ so the

expected lethal area, K, is an P The survival probability is

L
2
P
SIS = (1 i dARL)

The weapon density w is N/A so

N

N
S(w) =(1-]§q—“’) .

The destruction is

N

Kw N
l1-(1-= w <
Fy (0) = ¥ X (6)
1 w > N/K




where a limit of 1 for fracticn destruction is clearly necessary.
For many weapons

lim £y (w) =1 - e K (7)

N

Suppose now weapons are perfectly delivered with no overlap.
Then F is given by

X w< /K
F = (8)
1 w>1/K.

Now Eq. 6 has as limits Eq. 7 or Eq. 8 as N approaches = or 1.
Thus Eq. 6 can lead to a family of curves, described by the parameter
N, where as N - =, "random" weapon deliveries are obtained and as
N - 1, "perfect" weapon deliveries are obtained.

The Lagrange optimization (Eq. 5) may be oombined with the damage
law (Eg. ©) to give an expression for F in terms of value V and
hardening u. This gives

N -<K)\W)N/N-l

A
% K—\A‘l_< :
= Q
0 mz il

The target may be assumed to be Gaussian, i.e., have a value density
distribution of the form

y = 2—% exp(-r2/2c%) , (10)
g

10
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where r is the distance from point of maximum density and g is the
"standard deviation" of population. The total city density is nor-
malized to one. Now Eqs. ¢ and 10 may be substituted into Eaqs. 1
and 2 to yield the damage as a function of \. Introduce B as

B = (2“?( )\) . (ll)
Then using é &s a parameter the integration yields
- N. -
sg =B UL+ (1) (1 -] (12)
N(N-1 °ﬂ02
= - K = (-1nB - 1] (135
where the survivor value Sé is 1 - Hé .
The limits when N - 1 and N = = are
S, = exp (-KW/2ﬂ02), (14)
g =

= (1 w/i?) exP(-@) . (15)

This completes the summary of thz Galiano-Everett derivation of damage
laws. The law of Eq. 15 is the "square root damage law," whose veri-
fication is one of the objectives of this study.

To obtain dimensionless parameters for the present analysis,
call

2
R, P W
X =KW2 = 2l (16)
hi(e) o

il




Then Eqs. 12 through 15 become

55 = B L+ (N-1) (1-B)), (7
X =2N (N-1) [B - In B - 1], (18)
S, = exp (-X/2), (19)

o)
"

o = (1 +qX) exp (4f). (20)

The family of curves bourded by Eqs. 19 and 20 is shown on Figures 1
and 2 with N as a parameter. In subsequent discussions, city size will
be determined from the standard deviaticn of populaticn in east and

rorth directions, Ox and Ouye The lethal radius is the distance at which
the nominal overpressure describing target wvulnerability is obtained.
Call
2
mR, P
A noLod ) (21)
XY

g is a parameter obtained from inputs to a damage calculation., By
fitting computer results a parameter, K, may be obtained where

Kw=x (22)

A parameter G is obtained by

a B

1]
xi

(23)

a should be a weakly varying constant associated with changes in
targeting conditions or targets. An objective of succeeding chapters
is to study the variations in ¢, especially using the square root
damage law, Thus, this parameter may be used to attempt to correlate
results obtained by the computer optimizations due to parametric varia-
tions such as weapon yield, city shape, etc. The specific numerical

12
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techniques by which this parameter is calculated are described
in Section IV.

B. BLAST SHELTER OPTIMIZATION

Since some parts of a city are more likely to be attacked than
cthers, it is possible that an advantage might be gained by constructing
blast shelters recistant to varying overpressures. If this is done,
the defender may wish to take account of the fact that the attacker
knows where the blast shelters are deployed and shift his aim points
accordingly. The mathematical problem thus generated is a min-max
problem where the attacker attempts to maximize fatalities against
whatever defense is deployed and the defense, realizing this, deploys
that defense which minimizes fatalities against such an attack.

The weapon density concept may be extended for the purpose of
blast shelter optimization. There follows a summarization of a
develcpment by Galiano2 which determines optimum blast shelter hardness
as a function of value density. The damage function used is that for
rancdom impact, i.e., Eq. 7.

The constant K in Eq. 7 is taken as a function of psi hardness
of the shelters locally emplaced, P. The function takes the form

X =-}-<-;- (24)

where K* is a constant. The cost per person of obtaining a specified
hardness C(P) is taken as

o(P) = a + bpY/?, (25)

2, R, J. Galiane, "An Analytical Model for Blast Shelter Deploy-
ment," Appendix C tu Lambda Report No. 3. An Optimization Study of
Blast Shelter Deployment by David T. Mitchell, Lambda Corporation,

September 1, 1966, Unclassified, A.D. No. 659 378, The method does not
guarantee optimum deployments except for certain specialized cost
functions. However, plausibility arguments can be developed which
indicate that these deployments are "fairly good."
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The allocation method is based on a double Lagrange multiplier approach

L = H_- A+ ucP, (26)

where L, H.,\ are as in the previous subsection, yu is 4 Lagrange mul-
tiplier for the defense, and CA and CD are costs for defense and
offense.

As before let V be the local value density. Then by Eqs.
7, 24, and 26

L = V(l - exp(- EP‘H))- Aw + uV C(P).

(27)
For a given P the value of w{ is first found. This is
ol e
w{ = (28)
1) VK* < AP,
The value of P to yield VK*¥/AP = 1 is called PO, i.e.,
_ Vk*
PO—T. (29)

Equation 28 is substituted into Eq. 27 and this equation is differen

tiated with respect to P to find the stationary point yielding a
maximum of L., This gives

O KR
P=p, exp ( -8V . (30)

Using Eq. 25 in Eq. 30 gives

-1/2
ubPoP

P=Pp, exp( - —p— ), (31)

16
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Substituting Eq. 31 into Eq. 27 gives

I3

LV =1-2-Q-1nz2) +us. (32)
(o]

Now L is to be minimized oy the defenders. Call Pu the hardness with
no shelter. Then for no shelter

P P
LN =1-5(1-lng). (33)
‘o

Shelters are deployed only if Eq. 32 is not larger than Eg. 33.
This completes the summary of the Galiano report and yields

a strategy for deploying shelters given by Eq. 30 or Eq. 31. A

simple extension is to generalize the exponent in Eg. 25 to

C(P) = a + bE" . (34)
Then the analogue to Eq. 31 is

P_u
o) n
P = Po exp ( - - n bp), (25)

and to Eq. 32 is

n-1
n

L/V=1- P/Po (1 + In P/Po) + a8 . (36)
For any cost function C(P), Eq. 30 gives

- dc _
P = Po exp (- Pou T s (37)

17




The allocation method is based on a double Lagrange multiplier approach

L = H - AP+ el (26)

where L, H.,\ are as in the previous subsecticn, u is a Lagrange mul-

tiplier for the defense, and CA and cP

are costs for defense and
offense. As before let V be the local value density. Then by Eqs.

7, 24, and 26

b 5 V(l - exp(- L’;.:2))- AW + uV C(P). (27)
For a given P the value of w{ is first found. This is
%
FroIn & vk >
wi = (28)
0 VK* < P,
The value of P to yield VK*/AP = 1 is called P,y i.e.,
_ Ux*

Equation 28 is substituted into Eq. 27 and this equation is differen-
tiated with respect to P to find the stationary point yielding a
maximum of L. This gives

- _ pkFvoode,
P =P exp ( = HF) (30)
Using Eq. 25 in Eq. 30 gives

ubPoP'l/‘?
P =P exp( - —2— ). (31)
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Substituting Eq. 31 into Eq. 27 gives

|3 Po
L/V=1- 5 (1 - 1n 7 ) + ua. (32)
o

Now L is to be minimized by the defenders. Call Pu the hardness with
no shelter., Then for no shelter

! = u u
L/\—l-'l—)-c:(l-ln-i;—). (33)

Shelters are deployed only if Eq. 32 is not larger than Eq. 33.
This completes the summary of the Galiano report and yields

a strategy for deploying shelters given by Eq. 30 or Eq. 31. A

simple extension is to generalize the exponent in Eq. 25 to

c(P) = a + bP" . (34)

Then the analogue to Eq. 31 is

PoH n
P = P0 exp ( - <N bP™), (35)
and to Eq. 32 is

_ - n -1
L/V=1 P/P0 (1 + = 1n P/Po) + ua , (36)

For any cost function C(P), Eq. 30 gives

— dc =

P =P, exp (- PH I ) B (37)
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-TP . :
Plots of Pje "0 are shown in Figure 3 for several values of r. As
does not depend on C, this function achieves a maximum

o ° 1/1e witha value Pmax of 1/re. For a cost function of the

n . :
form C = a + bP", the maximum pressure is

1 1/n
B= (u—nEE) .

This occurs at a value of Po given by

-l 1
" (uob) " -

The effectiveress of this type of blast shelter deployment can
be assessed by comparing it with a blast shelter deployment at a uni-
form pressure. This is done by assuming, for simplicity, that mean
lethal overpressure is a linear function of cost in the form s + b (P-Pu).
To do this, a deplcyment is made which is optimized for an attacker
Lagrange multiplier XD’ and evaluated for another multiplier A, The
population of the city is assumed to have a Gaussian distribution with a
total population VO. We ~hen have, analogous to Eq. 10,

v
V= —-97 exp (- r2/2 02)-

(38)
2o

In order to put the equations in dimensio:iless form we let

O<
1
N
e

1
N s
Q "~
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Ha . J

Then using Eq. 39 in Eqs. 38, 30, 27, and 28 we obtain

V = VO Z
-Z Y E
¢ = max %Z Ll
1l
Bo
Vo 2 (1 - )
H = max 0 ZV
0
P
u &Y
w* = max KTCM/”Sm
0

The condition that Eq. 36 is less than Eq. 33 is

®

1

Sy Y igy @
If the inequality does not hold, then Ea. 41 is replaced by

=1, We now call

Si

s 1) .

Vol

jo o

(-4
____.=:l.2nf0Hrdr
Voo Yo

o]
2 ,fo w* rdr

2n r -
1 += 0 (p - 1) Vrdr
Vo
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(41)

(42)

(43)

(44)

(45)
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In the foliowing development, the cost function shall be taken in the
form b(P—Pu), i,e., there is no fixed cost of deployment. By doing this,
Eq. 44 is automatically satisfied., Moreover, the cost of deployrent is
proportional to & - 1, which is used as a basis of comparison. One
example will pe given at the end where the more complicated cost is
considered. If the pressure of the blast shelters were in fact uritorr
(¢ is constant), then the square root law would result from these
definitions. With a variable pressure the function F(X) can be

directly compared with the square roct law. From EQs. 40 to 50 we get

l r.)

F = J.Z (1 7Y ) dZ (51)
m

i 1

:o-l'—‘fi(:p-l) iz (52)

1
x=2 [lenBa. (52)
2 ez " Bo

In Eq. 52, the lower limit of integration Z is determined when =

reaches a value of 1, in other words

Zye2YS -1 . (54)




In Eqs. 51 and 53, Z‘,1 ije determined from Eq. =3 by the requirement

chat 1% be ncn-negative, 1.e.

N

“m’

=1 (55)

0>

an
~

For large values of g, the value of ?1 can become less than 1 near

82
the origin as well. 1In this case the integrals must be divided cor-
rectly. This case will be ignored in the subsequent equation to
simplify the algebra, although not ignored in the numerical results.
Equations 51 to 5% can be readily integrated. Two cases are considered:

Case I, 2 < 7, and Case II, Z_ > ». For Case I

F=1soy (e - B -1) (56
X :.2_ 1 +9;Y—-§- (Pﬂ{é-l-‘.@) (57)
: B8 ¢
) -YE
;-C:Z,f;;g_%l,,__i__.e_?—(yg»fl)%. (58)
? AR ”
For Case II
= 2 N B 8 -
F=l+'a'§€p _:.1;_+mg-0ﬁz-l‘ (59)
Wy e ays i
-YE
j = % S 1+ :L— - 2—— (¥E+D)
z A v
y,,“ -YE 1 y 5 'é 2
+——(e L .2y + 5 WI -y ) { (60)
> 7 ®
y
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And ® is still given by Eq. 58. For these equatio:s, © a:c « are
functions of B analagous to Eqs. 17 and 18. Unfortunately trying to
obtain E(X) directly, analagous to Eq. 20,does not leac to 3 simple
result,

For a linear cost function with a = 0, the totai cost, - - 1. is
a function of € and Y only and is preser~.ed in Figure 4. The ceneral
shape of the curves is similar to those in Ficure 2. Tir.e ordinste
plus 1 multiplied by the inherent city hardness is propcrtionsl to
the average overpressure of the shelter deployment. Thus, for exarple,
if the inherent city hardness is tsken as 7 psi, then, fcr vslue c:

§ = ,05 and Y = 40, the average hardness is about 40 psi.

In Figure 5, the percent survivors for three different deploymerts
is presented as a function of X. These three Zeployrents r3ve the sze
cost but are optimized for different attack ievels, i.e., X equsl
0.4, 4, and 13.6. The survavor level derived from the square root
law at the same average overpressure is also presented. Tre differences
are a measure of the benefits to be gained by the optimized deployment
over a uniform deplovment. The optimized deployments sre about 2 percent
better at the optimized attack level., They become somewhat worse as
the attack departs from the optimum level. The uniform pressure deploy-
ment appears to be a stable deployment in the sense that it iIs rnowhere
optimum, but nowhere much less than optimum. On the other hanc, the
optimized, or tuned, deployments tend to become considerably worse at
attack levels somewhat different than the design attack,

In Figure 6 survivors as a function of X are presented from three
deployments optimized at the same attack level but with average costs
(values of & - 1) of 0.53, 13,8, and 148.5. The lowest cost deployment
is closer to the square root law than the middle-cost deployment (slso
shown on Figure 5.) However, the higher cost deployment is almost
identical to the middle-cost deployment.3

3. This gives more survivors at the higher cost, of course,
but does not show on Figure 6 since scaled, rather thar absolute
number of weapons is used on the abscissa of Figure o.
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One case is presented in Figure 7 where the fixed cost of shelter
deployment is not zero. Here the cost function is C = 400 + P,
These values were chosen to present a case where the fixed costs can
be more than the pressure dependent costs. In addition to the criterion
for limits of integration for Eqs. 51-53 already discussed, inequality
(44) must also be satisfied. The integration was performed numerically
over those regions where the integrands were greater than zero. The
results cannot be presented in the terms of scaled numters or wesporns
since the cost is no longer simply proportional to <. To convert
te absolute weapons Eq. 50 can be rewritten

TT02

W= o X.

A

These results are for the factor m OQ/K*Pu equal to one. The
shelter cost per person for all cases is the same, about $490. The
three curves with open symbols are for deployments optimized at attack
levels which give 79 percent, 53 percent, and 20 percent survivors.
The ratios of rixed to total costs are 74 percent, €63 percent, and
43 percent., The efficiency of the deployments at various attack sizes
differs considergbly, with no single deployment being close to optimal
over the entire attack range presented. A uniform deployment of
shelters for weapons is shown by the Xs, and is not considerably
below the optimel deployment lievels at the middle levels of fatalities.
This occurs because the $400 fixed cost allows only $92 for pressure
dependent costs. The deployment indicated by dots is on2 where
inequality (44) was not used. Even with nonzero fixed cost inequality
(44) is automatically satistied at deployments optimized at zern
attack levels, and the curve obtained is close to the curve for s

correct deployment optimized at 79 percent fatalities.
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C. COMPUTER PROGRAY FCR OPTIMIZING TARGETS

The computer program used, called DGZSEL, was developed by
H. Everett at IDA in 1964 for the CDC 1604 compuzer. It has Leen
used extensively in determining blast damage in urban areas, both
for direct use and to generate input to the BRISK-FKISK damage
estimating system.4 A large number of calculations were available
that indicated that the program yielded consistent results. The
attack locations obtained by this program were used in the BRISK-
FRISK damage evaluation system, which uses that same formula to
calculate blast fatalities, to produce nationwide fatality estimates
which were carefully compared to calculations made independently at
other facilities. Good agreement was obtained. This program was
selected as a reliable standard for calculating optimized blast
fatalities. The basic program is short, consisting of about 190
FORTRAN lines of coding and 20 machine language instructions.

In using DGZSEL, the target is described by the value of a number
of points (in this study either the populatiocn of census tracts or
the capacity of fallout shelters) located by latitude and longitude.
These tract points are not necessarily ordered in any particular
fashion or located with any particular regularity. These data are
read by the program from a magnetic tape which contains these value

ints clustered by city target areas. Additional inputs are values
of weapon yield, delivery error, reliability, a surface or airburst
indicator, and a target mean lethal overpressure. The calculation is
initiated by calculating probability of kill as a function of dis-
tance from the weapon by means of equations given later in this sub-
section. The probability-of -kill curve for 100 percent reliability
is multiplied by the weapon reliability to obtain the curve usec in
the calculation, which is interpreted as the expected fraction of
value destroyed by each weapon.

4. Lambda Corp., BRISK/FRISK II: A Damage Assessment System,
Report 2, 4 Vols., Arlington, va., 1966.




Tc start the optimization for a city, a mesh of points is con-
structed whose intersecctions will be used as initial trial weapon

locations. The mesn is centered on the population center cf gravity

and has six lines in the north-south direction and six lines in the
east-west direction. The size of the grid is three times the popula-
tion standard deviation in each direction. A trial weapon is located
at each grid point and the expected value destroyed is calculated for
each of these grid points. This value is calculated as tine sum of
the value at each tract point times the expected fraction of kill of
rthat tract from the weapon at the trial grid point. (This expected
fraction killed ic actually determined as a function of the distance
squared, which is quickly obtained as the sum of the squares of the
difference of the north-south and east-west distances.) In the
vicinity of the grid point that yielded the largest kill, a more
refined grid is constructed that has half the mesh spaces of the
previous grid. By the same method, the best weapon location in this
more refined grid is found. The process of decreasing grid size in
the vicinity of the previously best location is continued urtil the
wesh spacing is less than 1/4 the CEP or 1/8 the weapon lethal radius.
The weapon is then located at this point and the expected value des-

troyed is deleced from the value of each value tract.

The process is repeated, with successive weapons attacking the
expected survivors from the prior weapons, and with the expected kill
for the weapons subtracted from the value system for successive weapons
until either the kill per weapon or number of weapons terminates the
process. If at any time in the calculation the expected kill of the
weapon being analyzed is greater than from any previous weapon, all
weapon calculations back to that previous weapon are deleted and the
kill from those previous weapons are restored to the target system,
In this way, insurance has been provided against missing local maxima
due to the relatively coarse size of the initial grid. At the end of
the calculation the location of each weapon and the value destroyed
from that weapon is listed.

This program was modified to provide a greater flexibility;

the types of output were increased and it was renamed AGZSEL.
30
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It is the basic apraratus of the experimental mathematics used in
this study.

The modifications were made, however, in a fashion that did not
change the basic allocation method exceprt in one respect, which was co
decrease the size of the initial grid in cases where the weapon lethal
radius was small compared to city size., A method of adjustment was
used that chose grid size as a compromise between computer time spent
in searching a grid pattern and progress lost when weapons are removed
from the calculation.

The additional features added are describecd in the section where
they are used. It should be emphasized, however, that the computer
drawn maps did not change the method of calculation. The value in
each rectangular grid in these maps was computer by summing the values
of all tracts which fell within that particular grid.

Most calculations here were terminated after 50 weapons were
dropped.5 The computer time required for a typical calculation was
about one hour. In most cases the number of weapors removed was be-
tween 50 percent and 1C0 percent of the total number of weapons. The
number of weapons removed at a time because a local maximum was missed
usually ranged from one to ten, with the smaller values more likely.

A few examples were found where local maximums were missed in the final
product.6 However, this procedure generally appears to yield answers
with at most a small percentage error, usually less than 1 percent.7

5. The program was terminated when either 50 weapons were dropped
or the estimated kill per weapon dropped below 10,000 people. For
most cases reported the first criterion was applicable,

6. This is, of course, more likely near the end of a calculation
than the beginning.

7. Since there is no absolute standard available this judgment
must be qualitative. In some unpublished calculations, weapons were
dropped on Washington, D. C. in a random fashion, and the results
compared with this program. The weapon locationc were drawn from a
Gaussian distribution that had the same center of gravity and standard
deviation as that of the city value function. About 7000 trials were
made, and for two and three weapons, the DGZSEL program fell behind
by a few percent, After five weapons, however, the random dropping
procedure had luck against it, and the DGZSEL optimization always won.
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J. DAMAGE FUNCTIONS

The calculation of probability of kill as a function of distance
is done by use of the Single Shot Kill Probability (SSKP) function
described irn Lambda Paper No. 6.8 It is expressed in the form:

kW13
= T
GK(P) e : -J!-.r

j=0

where
K = wel /RS,
L
r 1is distance,

RL is the lethal radius, and

W is a shape parameter.

Aiming errors are included by integrating this function over a circu-
lar normal probability distribution. The lethal radius is obtained
from the distance from an atomic weapon at which a certain assumed

pressure cccurs that is lethal S0 percent of the time. This distance
was computed by

2,2
P _ (1.13 * c
S (T—) P> 10 psi
L
: 1.6
P 1.13 '
10 = (?) P < 10 psi

¢, op. cit.
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for a one megaten surface burst, with the lethal radius in nautical
miles.9 The variation of probability of kiil with cistance is chown
for several typical overpressures in Figure 3 ard for ceveral CEPs
in Figure 9.

In order to evaluate the effects of specific weapcen rirop, =
kill function which is closer to unity near ground zero was desired.
This would reflect the high probability of kill very close to an
actual weapon burst. A kill function which was one minus the cumula-
tive normal function was used. The mean was the lethal racius anc
the standard deviation was taken as 0.20 times the lethal radius
for most calculations. This kill function, used for evaluation, is
compared with the one described above, used for optimizaticn, in
Figure 10. The evaluation kill function is close to the optimization

kill function for small CEP.
1.0

o
-]

12 PSI | 6.5 FSI

N\

o
o

P, (probability of kill)

=
'S

0.2

9 I
0 2.0 4.5

DISTANCE ( nauticel miles)
p2-25-70-97
FIGURE 8. Variation of Prooability of Kill with Distance for Several Overpressures
for One-Megaton Yield, 0.5 NMI CEP

—~e

curve matched at 30 psi. The equaticn then becomes é% =(g‘94) . The
- L

difference is less than 5 percent over the pressure ranges of interest.

9. To use in Eq, 24, the exponent 2.2 is replaced by 2 ang the
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The damage functions are the representation of the physical
weapon effects. They can be interpreted as representing only vulner-
abilicy to the blast wave, or as representing all effects which are
centered at the weapon detonation point and wh.ch fall in intensity

with distance. The specific interpretstion depends upon the context
in which the results are used.

E, DATA BASE

Two basic kinds of representation of the population were con-
sidered; the first was population location based upon US Census data
and its extrapclations, and the secmnd is based upon fallout shelter
spaces as located by the National Fallout Shelter Survey.

The population bases for Detroit, Michigan, Washington, D. C.,
and Flint, Michigan were obtained from Office of Civil Defense popu-
lation tapes. These tapes describe the US population in approximetely
44,000 standard lccation areas (SLAs) with each SLA described by a
latitude, longitude, population, and area. They were.originally
prepared using 1960 census tracts, with some aggregation of cencus
tracts, primarily in rural areas. The population data are 1960 census
data, and OCD extrapolations of residential population to 19659 and
1975. 1In addition an OCD astimate of 1969 daytime population was
used.

The area included for each city is basically the urbanized area
of each city as defined in the 1960 census. These are shown in
Figures 11, 12 and 13 as shaded areas. There were 746 Standard Loca-
tion Areas ir Detroit, 349 in Washington, and 55 in Flint. For the
majority of these Standard Location Areas the pcpulation is between
2,000 and 10,000 people. 1In order to illustrate the population distri-
bution, computer maps were drawn as shown in Figures 14 through 16. 1In
these figures each printed symbol represents the population in an area
one nautical mile in the north-south direction by ,606 nautical mile in
the east-west direction. The rectangular size is chosen to preserve
shapes in the map. The population represents the sum of the

10. "National Location Code, " Bureau of the Census, prepared for
for OCD-OLP, FG-0-31/1, 1962, 35
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values for those Stardard Locatior Areas whose latitude and longitude
coordinates fall within the rectangle being drawn.ll The population
associated with each symbol is given in Table 1. The center of
gravity of the population is indicated on these figures by the inter-
section of the dashed line at each edge of the figure. Table 2
presents some properties of these pOpulations.l2

Figure 17 shows the area within one standard deviation as a function
cf populstion. Lines through the origin or constant slope represent
constant overall population density. As expected, the 1969 daytime
population principal area is appreciably lower than that for nighttime in
all the cities. For Detroit the daytime population is 500,000 higher,
and for Flint 120,000 higher. These diffcrences may represent errors
in daytime population estimates, since as far as is known no attempt
was made in the original estimates to compare the day-night differences
with estimates of diurnal immigration. The nighttime population pro-
jections used by the Office of Civil Defense (OCD) held the population
in the central city constant, attributing all of the growth to the
suburbs. This is not reflected on the maps because even small shifts
of the center of gravity can change the standard location areas
aggregated together in one rectangle.

In addition to population, fallout shelter spaces in the National
Fallout Shelter Survey have been considered, The fallout shelter
spaces are reported by OCD by standard location area, and so can be
considered by the same methods as population data. The computer
optimization can be run against the shelter spaces. If these are
uniformly occupied, then the optimization is again a prediction of
fatalities, Table 3 indicates the overall distribution of spaces,
which are presented on the maps in Figures 18 through 20, The spaces
are divided into four categories, above ground spaces, below ground
spaces, tunnel spaces, and special facilities. The last two

11. This aggregation is done solely for the purpose of displaying
the popvlation on maps, and in no way affects the optimization,

12. The value of o° is taken as the product of the ecast-west
and north-south standard deviations, rather than the sum of the
squares of these values.
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POPULATION KEY FOR COMPUTER MAPS USED IN THIS PAPER

Table }

Population Range Symbol Population Range Symbol
0 - 439 - 16,500 - 17,499 G
500 - 1,499 1 17,500 - 18,499 H
1,500 - 2,499 2 18,500 - 19,499 I
2,500 - 3,499 3 19,500 - 20,493 J
3,500 ~ 4,499 4 20,500 - 21,499 K
4,500 - 5,499 5 21,500 - 22,499 L
5,500 - 6,499 6 22,500 - 23,499 M
6,500 - 7,499 7 23,500 - 24,499 N
7,500 - 8,499 8 24,500 - 25,499 0
8,500 - 9,499 9 25,500 - 26,499 P
9,500 - 10,499 0 26,500 - 27,499 Q
10,500 - 11,499 A 27,500 - 28,499 R
11,500 - 12,499 B 28,500 - 29,499 S
12,500 - 13,499 C 29,500 - 30,499 T
13,500 - 14,499 D 30,500 - 50,499 $
14,500 - 15,499 E 50,500 -100,499 0
15,500 - 16,499 F 100,500 - t

43




UT PaJy j Yinog-yiaon

£°02 6¢9° ¢ 0sv'¢ c69°¢8 S20° ¢t £5¢ WBIN S¢

T°61 295°¢ L95°2 269°¢8 S20° ¢t 1¢€¢ YLIN 69

00T c6e8°'T 089°T1 689°¢8 €20° P €SS Aed 69

¢ LT A 4 A 9¢Z ¢ c69°¢8 920 ¢V t0¢ YbIN 09 *YOTW €IurTd

8°499 9L Y rA) Al 4 8v0° LL L06°8¢ Ztve WHBIN 62

v g9 9¢9° ¢ 9s¢e ¢ Lv0© LL 806° 8¢ 8812 YBIN 69

9° 9% 660" v TOL° € Lg0" LL 606° 8¢ €022 Aeqd 69

5°¢S 615" v z6T v SY0° LL 806° 8¢ 668T " JUBIN 09 | 0" A ‘uoizbutysem

¢ 8gT T¢L°9 6£5°9 9¢T"¢8 rAA A S rA'dA’% AybIN S/

v 2etl 685°9 66¢°9 8eT"¢8 91"t VATAY aybIN 69

1°601 6LL"S 06L°S 621°¢8 86¢°CY 99/¢ Aed 69

9°12¢T T62°9 vST° 9 b1°¢8 SOt et 9 9¢ IybIN 09 *YOTW €atoaaa(

NﬂE:v (‘rwu) (Tuu) AltAaea9) 30 | A3TARPID 3O AMOqu i ad&], 31D
uoraeIasd ‘udod 3o | uotaeTaag Mwwmww:wm pww”wwuwm uotaeindod uotaerndod
paepueis UOT1PTAR(d | DPaepueis : :

aup paepueis | asam-ased

NOILAI¥OSId NOILYINdOd

Z @1qel

e P s it i,

44

B




—

— ems o=t G GEN

140 o
&N
120 *60N
DETRO!T
269
100 —
3
E
8 80
=
2
g
uj o ®75N
< 69N
= | WASHINGTON, D.C.
z
o 849D
40
75N
20—l 9N
60N FLINT
65D
0
0 1 2 3 4

P2-25-70-16

FIGURE 17, Principal Area as a Function of Population for the Three Exemplar Cities

POPULATION (10°)

45




2’9 v09°T 9¢Z°T 969°¢8 120° ¢y 17T punoad sorag
[ £02°1T 9s8° ¥69°¢8 £C0°¢v S8 punoxy aaoqy
6'v 18220 680°T 569°¢8 2eo st 86T JI33T3YS Teaor
T°9 189°1 stT T €89°¢8 920°¢tt St *duy *3usp ‘YOTW ‘autig
8°0¢ LE9° Y STT'¢ 9¢0° LL 606°8¢ 5S8¢ puncad motag
6" 9T ¢€¢6°¢ S¢8°T 8¢0°LL 116 8¢ vL8S punoad saaoqy
L' TC LIS ¢ T¢6°T LS0° LL 0T6° 8¢ 6gLe a33T3Ys Teaol
1N AN L8v°¢ cv8s'T 6¢0°LL 606°8¢ 96v "dwl *3usaA|[t D" d ‘uolBUTYSEM
< 98 ovL"S L8V 80T ¢8 Tov " cv LTYT punoap moisq
v 1v 90L° ¢ 6SS°¢ 080°¢8 A 14 SglLc punoxy saoqy
L°8S 19t 9¢0° ¥ 06G°¢8 YA NEA 4 00cv a33T3Ys Teaod
9°26 259°'S 91Z°S LOT €9 S8¢°Cv 00Ss *dwI -ausp "YOTW ¢3roayad
( NE& (Twu) (Twu) muu.gmaw 3o am%é ol ( modo .,m%ﬁ A3T1)
:oﬁumﬂ>wo ‘udod 3o | uotayetraaq memww:wm swwmwwuwm saoedg gorjerndod
paepueas uotyeraad | paepueas : 5 JO JaqunN
=1 o) paepueis | asapy/aseqd
ut eaay | yanos/yaiaonN

S30¥dS FILTIHS LNOTIVI

¢ °Tqel

46




{10149 404 saoodg 134]3ys SSUN 81 &:w:

— o-“n-n “uR-u
i 0 T - T
: - =
e 2 .
o M
T8 S © SR
[}
-a- . - — .n— “w -
. 3 Tt v . - n“ - "vw_g a -n T
. ! Sullee |||.l:«no|§|mmhql_ T S
_:-ﬂn: t ¢ ’ ¢ o0 , T
BN A - A -
1 ..-«. i ot ' - i e o’nw”u “c_ 1 3 ===
y L IR EEIl § of el —_— -
’ na_ e -nqn" “q “ 4 —ntnﬂiut “aa.M—— [T {1] M M
' S - T T I — - -
\ R ] T — 1 1 - 1 c £ 1
1 1t \ ] '3 T & [
3 ¥ 1119 —_—
1 [ ] T
. ' . Y £ 23 I
] [ €
e ? _ 3 18 » R
4 ¢ 1 (4] M :
’ tIatt 3 - 3 T ~7 § ] —
. 4 £ .
_ 5 1t e u 1y e’
1 juswaaasdwy uoypjuaA Aq . | saopdg punoigy-mojag °2

3|90 1oAY seoodg [puclippy ‘P

_ )
— CE ST p

$ e
1 1
By - ., < . H ]
.
]
[ ]
* 1 s ¢
1T
—_— S X313
T I T s N Hn e 1
v n 2re n [ |
13 vi 1] Teell s ]

mi, b o . st
goeceey of 1

SRS, 77} . 3 U S —— - — n“ll..{ﬂﬁﬁv. ] —
ﬂn.n«"wnun“n*ﬂxm... ¢ ¢ Il R 320 16ae 120081 ] i U
13 L1 7Y I A Y - dm K A ODE RS A 0
.z __ L .Fm.w it - [ . . mm.uclm. .:: uu: '
— 12 1 m ® S P 2 _0 [ ] 1Lt 1
- 7T [ [ e 1 114 o a T v 1
s T _ o | ] H t P € ]
& i i ¥ 2 X
' i — s _ 1 u o L
T b | -1 Ry o e S LS
] _ t .8 X LS =
i . v 1 ¢ ¥ L ] 3
o s e e R I l'ﬂlmb.lu 1 Y y
—_ . s - ivs AN 1 Y -»u st ]
5 — T S ° ™
S = g s q- a5 L mﬂo_un_m PUNQIS)-3A0QYy .3 = J..r -y e im&u_uam SSdN __< D

47




*D°@ ‘uoibutysop 10§ s900dg 133 |3YS SSIN 41 INOIS

1 oot

| : —

L2-0-S2-

el T
1¢21 o2 1

u o —
[3 k4 T
Tty t

tweed 1

sthely -
T T 2oz 2

i1 3t ¢ [3 S 1 1
LAY £ 2N 4

1 »

" -
L]

- o

t jusuisncudw) v

v 06 €22 vy

2 1_e9]1 _2 40v€ 2

@ 03 L TNl U T T T
YEe24uSoe €8N E 11 1
£ T ET -
ULS?fee sonsS 1 T 2

——— . . 2% _aCenesied 1 —_———

1 14 S4ee8880 1
U2la4nemsg 14 4 .S
€ T Eww NPY 1
Wwyiewetl . v
v 21196 W 2
163 Y

uouD|IJUB A

4q 9|qpj1RAY
seondg [ouolippY P

e s L

P
s 2
s s

t J—

B SRS = o

saoodg punoigy-mojag °o

1]
[11] z _
T v 9 w3 ¥

— YTV

- .|. . — r
\
B | ...qua.m punoigy-anoqy °q

-

122 sss 269% .
si%n » Yolvies v .
$9s00000e S8h 6 ol & 1
$7 sl =
B045nvesssssereil 2
" 9vessesse 211 =
L 94 eddssies 1 1
v £les Sos +o » "
o | Sses veS o
2 GNYY = . 1
10 116 lo o et
dang 1 o
LK 4
0 . 'S i
s le

! saoodg SSIN ||V °P

48




_ tug)4 104 s320dg 4331ayg SSIN “0Z NI | N
T _
1
T _
- 262 | e
- fSP»IT 1 === 1 v2€
£ 1 = i 92808 { — — =
2 €1 1
L 52 1
2
B . L vy 1
t
| duswisAcdu| uop|HUSA 4q _ seondg puncig-mojeg 2
3|qo| 1oAYy seondg [DUOLIPPY  °P
r N-UST-U — ST-0L-ST-U
_ -
[ e a
1 3 e
at 1_dEy
€ €03El - T 1 620001 1 — — —
€ 1s *»w 9 1t
. e 1
S 5 1

saopdg SN IV °P

49




categories have only a small number of entries.13 The shelter spaces
considered are all in the PF2-8 category, i.e., have a protection
ractor of at least 40, Alsc shown are the ventilation improvable
spaces, i.e., those additional spaces available by use of a ventilation
kit. A comparison of Tables 2 and 3 shows that the shelter spaces

are much more concentrated than the population. A general popula-

tion movement in toward the center of the city would therefore be
necessary to fill the shelter spaces. In Section VIII this is found,
inder certain conditions, to increase fatalities.

135. The number of tunnel spaces are 38,000 for Detroit, 7,000 for
Washington, D. C., and 1,000 for Flint. The number of special
facility spaces are 10,000 for Det+ .it, 3,000 for Washingtcn, D. C.,
and 1,000 for Flint., These wou .+ave to be added to the above ground
and below ground spaces to get the total shown in Table 3. These two

categories have been neglected, however, in the calculations in
Seccion VIII.
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III

EXAMPLES OF THE BASIC CALCULATIONS

This Section exhibits in detail the results of a few exemplar calcula-
tions to assist in interpreting the results of the analysis reported
later. First, some typical results of the computer .ptimization
program ave presented. These sre in the form of maps which show
the optimized weapon locations as well as the calculated expected
survivers. This infermation describes the optimization "as
the computer sees it." In order to assess the effects of the statis-
tical fluctuations arising from the assumptions concerning weapon
reliability and delivery error, the results of a Monte Carlo simula-
tion are presented in the same fashion. The relation between the
modeled cities used for blast fatality calculation and the real cities
which are targets of nuclear weapons will vary with the system being
studied (e.g., it is different for blast shelters and fire fighting).
The base case is characterized by weapons with a yield of five
megatons, a C,E.P, of 0.5 nautical miles, and a delivery reliability
of 0.75. An alternative case employs weapons with a one-megaton
yield. These parametric values are representative of the ones currently
appearing in the unclassified iiterature and are used as typical in
the remainder of this Paper. These values also are interesting from
a mathematical programming viewpoint, because each parameter contri-
butes some effect, but does not dominate the calculation. The mean
lethal overpressure used here is 6.5 psi. This value was selected
to enable comparison of these calculations with a large number done
several years ago at IDA using the same basic optimization program.
All weapons in this study are assumed to be surface burst. The popu-
lation estimate used is the 1975 nighttime population and the primary
city considered is Detrcit. In all the calculations in this Paper,
these base case conditions are assumad unless otherwize stipulated.
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The results of the optimization with five-megaton weapons targeted
on Detroit are given in Table 4, Shown are the expected survivors
remaining after each weapon is detonated, the expected kill for this
weapon, and the latitude and longitude of the weapon aim point. As
a rule, calculations were ended when either the kill per weapon dropped
below 10,060 or 50 weapons were used.

To further illustrate the results, computer maps were drawn in
the same way as the population maps presented eariier. Figure 21
indicates the locations of the aim points for the first ten weapons.
(The last weapon is illustrated by a star.) The location of these
weapons (the letters on the population maps) tends to be at places of
high population density.

The distribution of the expected survivors from these ten weapons
is shown in Figure 22 (a-j). The major effects from the first
weapons are to change the regions of higher population density to
medium population density., This is due, ¢f course, to the 75-percent
weapon delivery probability, because at least 25 percent of the original
population are expected to survive. The first five weapons are well
spread over the city and the resulting maps of expected survivors do
not show major differences unless "before™ and "after" populations
are specifically compared in the vicinity of the weapons. The sixth
weapon, however, is located between the first and second and a de-
finite thinning of the population, represented by blank spaces,
ones, or twos for the population values, is apparent in its vicinity.
By the time the tenth weapon has been deliverad population
depletion is apparent over a large part of the central pcrtion
of the city,

Figure 23 is a map of the aim points of all 48 weapons targeted
in this calculation. (For weapon numbers of 10 or over the last digit
represents the weapon location., Where two or more weapons overlap, a
dollar sign is printed to indicate an ambiguity.) The expected sur-
vivors, at five-weapon intervals are shown in Figure 24 (a-h). A
successively greater paucity of valuable remaining targets is indicated
by these figures. At the 15th weapon there are few remaining
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locations where the original popuidation densities remain., By the
time the 48th weapon is targeted, the remaining population consists
primarily of those people sparad by the statistical taile of the
probability of survival curves. While the expected kill for the 48th
weapon is as correct, within the mathematical assumptions, as
the first, the applicability of these assumptions to the physical
situation becomes ruther tenuvous. These maps are presented here
to help the reader judge for himself the extent to which these
assumptions should be used.

A better pictorial representation of the surviving population is
obtained through a Monte Carlo approach to calculating survivors.
This calculation was made by using the evaluation damage curve, shuwn
in Figure 10, determinirg whether an aimed weapon detonates through
use of a random number selected from a uniform distribution and
then selecting the specific target location by points selected from
a Gaussianr distribution representing the C.E.P. Maps of results of
a particular sample are shown in Figure 25 (a-h) for the first ten
weapons, and Figure 26 (a-h) for the remainder at five-weapon intervals.
In this sampie, weapons 4, 8, 11, 20, 25, 39, and 47 did not detonate.
As is evident from Figure 25a, the results from even the first weapons
are spectacular. The results after ten weapons show large parts of
the city destroyed, but other significant areas surviving. After
15 weapons, in Figure 26a, the same general result is seen, although
the areas surviving are decressing. After this weapon, the city of
Pontiac (the cluster of population northwest of Detroit) is stall
surviving with the closest detonation 11 miles away. This would give
an overpressure of between one and two pounds per square inch. The
11tk weapon was aimed at Pontiac but happened to fail. The 18th
weapon was closer being about 8 miles away. However, not until the
21st weapon did Pontiac receive & direct hit. By this time the over-
all estimate of survivors in Detroit is 12.8 percent. The general
picture as shown by these maps is one of intense destruction slterna-
ting with areas which are relatively better off. By the time the
48th weapon detonates, the calculated survivors are so small that little

of the original map can even be discerned.
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In Figure 27 (a~h), eight samples from different Monte Carlo runs
have been selected at random. These maps were selected for cases where
the number of survivors were reduced to about 40 percent. Again all
of these maps show areas of intense destruction alternating with aress
of much less destruction, but these areas vary in location even when
the targeting stays the same.

Four hundred Monte Carlo trials were made and the distribution of
results were determined. The average value of estimated survivors
was slightly lower for the Monte Carlo runs than for the optimization
runs, ranging from about 1.8 percent lower at about 10 weapons to
about 0.7 percent lower at 40 weapons. However, the integrated
lethal areas for the evaluation probability-of-kill curve was about
four percent larger than for the optimization curve. This difference
in area could explain one-half to two-thirds of the difference in
estimated survivors. The residual does not seem to be significant and
in fact tends to confirm the validity of the expected value method
of optimization.

The mean value of the survivors as a function of number of weapons
obtained from these Monte Carlo runs is shown in Figure 28. Also
shown is the value of the standard deviatioa, and the band about the
mear. value obtained by adding and subtracting one standard deviation,
This band represents variations due to statistical differences alone,
and represents a lower limit of predictability of damage, even if
everything concerning physical damage and attack optimization were
known .

The variability may come from either the delivery protability or
the weapon CEP. 0f the two, by far the larger contribution is
from the delivery probability. As an example, with five weapons
targeted and.samples selected where all were delivered, all variations
are due to the CEP. A sample of eight cases where this occurred
gave a standard ceviation of 0.53 percent. The total standard devia-
tion for five weapons was 11.06 percent; thus here the variation due
to CEP accounted for about 5 percent of the total.
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In Pigure 29, several frequency distributions of estimated sur-
vivors are shown for different numbers of targeted weapons. To obta“.
these curves, the percentage of estimated survivors was divided
into S-percent intervals and the percentage of time that the calculated
survivors from the 400 trials fell into a percentage-survival interval
was plotted as the ordinate. The abscissa is the value of survivors
at the center of this interval. The breadth of these distribution
depends primarily upon the weapon reliability; for higher reliability
the distribution would be tighter and for lower reliability still
broader.

A similar set of calculations with five-megaton weapors was made
for Washington, D. C. The estimated number of survivors after each
weapon detonation is shown in Table S. The calcul#«cion ended here
at 27 weapons. The location of the first ten weapons is shown in
Figure 30 and of all twenty seven in Figure 31. The same general
features are seen as for Detroit, except that the pattern is some-
what tighter for Washington, D. C. The expected survivors are shown
in Figure 32 (a-k) and the results of a sample Monte Carlo run in
Figure 33 (a-k). In this particular Monte Carlo run, weapons 11, 17,
19, and 27 were taken as unreliable. In Figure 34 the mean number
of survivors and standard deviation about the mean are given. The
standard deviation here is an appreciable percent of the mean.

In Figure 35 a map of the location of all five megaton weapons
on Flint is thown. The estimated number of survivors after each
weapon are given in Table 6. The calculations ended with six weapons,
With the exception of the fourth weapon, these form a close pattern
in terms of the 3.7-mile lethal radius. The pattern of expected
survivors is shown in Figure 36 (a-f) and the results of a sample
Monte Cario calculation are shown in Figure 37 (a-d). In this sample,
weapons 3 and 4 were taken as unreliable. The results of the Monte
Carlo calculation are shown in Figure 38,

The other extreme from five-megaton weapons detonated on Flint
would be one-megaton weapons detonated on Detroit, i.e,, smaller
weapons on @ larger city. Table 7 shows the estimated number of
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FIGURE 34. Survivors as a Function of Number of Weapons from Monte Carlo
Evaluation with Five=Megaton Weapons on Washington, D.C.
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Table 6

CPTIMIZATION RESULTS (EXPECTED SURVIVORS) FOR FIVE-MEGATON
WEAPONS TARGETED ON FLINT, MICHIGAN

Weapon No. Survivors Weapon Kill Longitude Latitude
(1) 175473, 177374, 83.682 43,032
( 2) 111050. 64429, 83.701 43,024
( 3) 79240, 31810. 83.664 43.046
( 8) 56350. 22890. 83.655 42,966
( 5) 41821. 14528, 83.729 43.039
( €) 32451, 9170. 83.655 43.076
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survivors after each one-megatori weapon. Figures 39 anc¢ 40 show the
location of the first ten and first 50 weapons for such a calculation.
The pattern of the first ten one-megaton weapons is slightly smalier
thar that of the first ten five-megaton weapons, but shows some simil-
arities. The following takbulation indicates a reasonably clouse
correspondence of weapons:

5 MT Weapon Numbers 1 2 3 4 5 & 7 8 910
Corresponding 1 MT Weapon Numbers 1 10 4 S 7 3 - - 2

The expected survivors for the first ten weapons are shuwn in
Figure 41 (a-h) and for the remainder in Figure 42 (a-h). There is
some similarity of pattern at comparable percentages of survivcrs.
However, the one-megaton patterns are more uniformly spread over
the city. The estimated survivors for a sample Monte Carlo run are
shown in Figures 43 (a-f) for the first 10 weapons, and Figure 44
(a-h) for the remainder. In this particular sample, weapons numbers
4, 8, 11, 20, 25, 39, 47, and 49 did not detonate. Once again more
uniform patterns are observed, In Figure 45 the survivors from the
Monte Carlo calculation are shown. The peak value of standard
deviation is about one-half that for the five-megaton case.

However, at large numbers of weapcns the one-megaton standard devia-
tion is larger than that for the five-megaton case. This is probably
due to the almost complete obliteration of the target system with

the five megaton weapons,
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IV

SENSITIVITY TO PARAMETERS

In this Section the sensitivity of the calculated survivors tec the
assumptions concerning weapon yield, CEP, delivery probability, and
target vulnerability are examined. The 2nalysis is based on a series
of computer runs using a single population base--the estimated 1975
Detroit nighttime population. The variation with data base for a
single set of parameters is discussed in Section V.

As described in Section II, the basic damage functions were de-
rived in terms of parameters B and N. B is the expected fractional
coverage of the city for the detonation of one weapon. N is a shape
parameter; N = 1 corresponds to perfect weapon delivery and gives
an exponeritial damage law, and N = « corresponds to random delivery
and yields the ™"square root damage law.'" Intermediate values oi N
yield intermediate cases as illustrated in Figure 1 (Section II).
The computer data is fitted by first finding the shape of the damage
law curve best approximating the results, i.e., finding N and then
determining a value of the parameter K. Then, the parameter a is
calculated by dividing the experiméntally measured K by B.

The differences in shape of the various damage law curves can be
demonstrated by multiplying the abscissa of each of the curves of
Figure 1 by a constant to force all of the curves to pass through
common values of 1.0 fraction survivor at X = 0 and the same value
of X for a 0.5 fraction of survivors. This is illustrated in Figure
46, choosing'1.36, the value for the exponential damage law, as the
value of X for .5 fraction of survivors. Figure 46 shows that the
difference in shapes for these values is small, especially at rela-
tively large fractions of survivors. Thus, the value of N will not
radically alter the shape of these curves although the efficiency

of weapon usage may be changed. The value of X to yield 50 percent
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survivors, X 0’ is a measure of this efficiency. This is shewn in

5
Figure 47 as a function of 1/N, along with values of X to yield other
fractions of survivors. The function is almost a straight line

for S = 0.5. This line is given by the equation

1.431
N

X =2.,817 -

From Figure 47 the ratio between the values of XSO for N = » and
N=1at S 20.5 is 1.97. It represents the improvement predicced
between perfect and random targeting.

The alternative to the above method is to determine a value of X
which gives the best fit of the square root damage law to the cal-
culated survivors by transforming the ordinate in a plot of estimated
survivors as a function of number of weapons so that a curve following
the square root damage law is a straight line. Figure 48 shows such
a plot for various values of N for the theoretical curve shapes. In
this curve the abscissa of all curves has been multiplied by a con-
stant so that all have the same value at 50 percent survivors.

This type of presentation accentuates differences at low values of
survivors. Only by including such values does the difference in
shape for various values of N become apparent. The determination of
N for each computer run was accomplished by plotting the estimated
number of survivors and finding that curve which best matched one

of the theoretical curves. Such "by eye" matching had the advantage
of not being as sensitive to small irregularities which sometimes
occurred due to peculiarities of the optimization process. The value
of K is then estimated by the straight line on "square root damage
law paper" which best fits the computed results.

The measurement of K is more directly related to the basic pro-
cesses but the "by eye™" matching has a subjective element to it.

The use of computer fitting, by, say, weighted least squares has
the disadvantage of sensitivity to the choice of weighting factors.

The determination of the number of weapons at 50-percent survivors




A USCALED NUMBER (F WEAPONYS )

1 ! ! | ] I )

; | j ! I

L ;

1 \\ A SR
| | ;

\ : { [ | |
N

R N |

o \ | | |

' . | ,|

1 i T 1.

\ | |

! i

|
I ! 1 | | . I
; | 1 ' |
5 ! ' . )
| | RN
| 5:0.3 : i I
: ' | | I
4 — 4 } : i
\ i !
! \ |
3 —t T— acig, | —
! 5=0.5 Il \
| |
| | ] | |
2 e === + ? ey
| : | H—_‘N\
{ | i
! - i §=0,7
T e
; |
S 5=0.9
0
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0
P2-25-70-3 IN

FIGURE 47, Scaled Number of Weapons Reauired for a Certain Fraction
Survival, S, as a Function of 1/N

94




suodoapy JO Jaquinp DWDG 3Y4 §0 SIOAIAING 9,06 YBNoiy) ssog saAIn7) |10 Os paysnlpy  1adpg moT
eBowoQ j00y aionbg, wO N UO $BN|DA judIByyEQ 104 suodDap) JO JaqUINN JO UOIIDUN] D SD SICAIAING 8 TYNDI

SNOdVIM 4O ¥IBNNN

0z

Sl

0l

E-0L-5I-L4

0

— e ——

s0°0

420

4¢€°0

u_ 8°0

0°1

SYOAIAINS NOILDWY4

95




was used primarily to eliminate subjective measurements from this
calibration process.

In Figure 49, two calculaticns for survivors of Detroit 1975
nighttime population a“e shown for cases chosen to be near the
exponential and square root damage law. The exponential and square
root laws are shown by the solid lines which have been forced to
match the caiculated damage for each case of S50-percent survivors.
Thus the shape of the curves indicates the agreement., The case
selected to match the exponential law shows close agreement while
the case for the square root law deviates somewhat at the lower
values of survivors and would match more closely a value of N of
about eight. No sample cases studied have both values of N near
infinity snd went to small enough percentages of survivors to consti-
tute a good test. However, also shown on Figure 49 is the damage
curve for N = 8. This curve is indistinguishable on this plot from
the points obtained from the damage calculation,

The similarity of shape shown by these curves is typical. The
shape of the calculated results turns out to be well represented by
the family of curves specified by the two parameters N and K. Thus
if values of these parameters can be determined for various weapon
parameters, the survivors as a functicn of numbers of weapons can be
accurately estimated.

The sensivivity of results to delivery probability and CEP are

indicated by Table 8 for one-megaton weapons against 6.5 psi hardness.

The value c¢f X at SO-percent survivors, given in the table, is found
by multiplying the number of weapons for 50-percent survivors by B
as given in Eq. 21 of Section II. This table shows a discrepancy in
the value of N for Pd = .75 and CEP = 0.5 since the variation with
increasing CEF is not monotonically increasing as expected. However,
this is well within the possible error in measur<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>