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ABSTRACT

The objective of the OCD Soft Target Study includes developing
procedures and methodology for studying patterns of attack, for evalua-
ting local hazards, for determining potential civil defense countermeasures
for cities closely associated with soft military targets and for computing
the cost effectiveness of alternate systems of protection.

This report describes methodology and original computer programs
which have been developed to assist in the accomplishment of the study
objective. Two computer programs are emphasized. The "Dynamic
Analyzer" program calculates the effectiveness of specified shelter
systems in protecting the population from particular attacks. Population
mobility and fallout fields which depend on both time and position are
considered. The "Weighted-Strategy, Multiple Shelter Type Mix and
Location Optimizer" computes the optimal effectiveness versus cost
curve over the range from zero cost to the cost of the most effective
system possible with a given shelter catalog. This program also deter-
mines the mix and deployment of shelters at desired cost/effectiveness
levels.

Soft Target Study activity has shown that there is a difference in
the intensity and relative intensity of the different weapon effects for
cities near soft and hard targets. However, all weapon effects need to
be considered for both cases. The significance of this fact is that the
procedures developed under the Soft Target Study may be applied to the
study of Civil Defense countermeasures for cities in any targeting
situation.

0-1



001) Sovft Target Study

0-2



INTRODUCTION

The objective of the OCD Soft Target Study includes developing
procedures and methodology for studying patterns of attack, for evalua-
ting local hazards, for determining potential civil defense counter-
measures for cities closely associated with soft military targets and for
computing the cost effectiveness of alternate systems of protection. The
work was considered to be a pilot study, and the methodology developed
was to be demonstrated using a particular locale. It is clear that the
success of the study depended in large part on the utility of the pro-
cedures devised for considering the soft target problem.

Since cost effectiveness was to be the end product of the compu-
tations, the most important characteristic of the methodology to be
developed was that it would consist of means of efficiently arriving at
systems of protection of good cost effectiveness. The literature relating
to Civil Defense, casualty estimation, damage assessment and related
subjects contains descr'ptions of procedures for computing the effective-
ness of target value distributions in withstanding the effects of particular
attacks. These procedures could be used to compute the effectiveness of
many systems of protection against all reasonable attack patterns. The
most promising designs could then be refined and modified as indicated
by the preliminary results and reanalyzed. This process might be
repeated until the desired result was obtained. Such a procedure is
described in Ref. 1. *

The repeated use of a damage assessment model would have been
an economically feasible means of computing the cost effectiveness of
alternate systems of protection for the Soft Target Study locale. It
would not, however, have represented a pilot study solution to the soft

Office of Civil Defense working paper, Systems Analysis in Civil

Defense, Parts I and II, John F. Devaney, Systems Evaluation
Division, Research Directorate, Office of Civil Defense, August 1963.
(Reference 1)
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target problem. While the study tends to reveal the nature of the problem,
it is not to be expected that other soft target situations would involve the
same relative distributions of aimpoints and population. The previous
results could be used to reduce the work involved in performing the
number of studies required for an effective national program but would
not eliminate the essential problem.

The approach here taken involves the initial machine computation
of some kind of mathematically optimum solution. The solution is based
on reasonably detailed information of a kind which can easily be obtained
from national targeting estimates, census reports, local Civil Defense
officials and persons familiar with local construction costs. The pro-
cedures do not, of course, produce detailed plans of a kind which might
be considered for acceptance in some local situation. In particular, they
comply with a recommendation of the Ref. I paper by not considering
political implications of possible government decisions regarding any of
the countermeasure systems generated by the procedure. They should,
however, produce results useful in devising detailed local plans. The
essential features of the modified plans could then be used as inputs to
a straightforward analysis procedure to compute the effectiveness and
cost effectiveness of the plan. We are aware of no previous attempt to
automatically optimize Civil Defense countermeasure systems and our
work on this aspect of the problem is considered to be a potentially
important contribution of the Soft Target Study to the existing body of
Civil Defense knowledge.

Another problem consideration is the total cost for which a
particular Civil Defense system should be designed. Ref. I states that
the systems analyst would properly make recommendations as to the
distribution of investment among the various parts of the system but
should do this as a function of alternative levels of effort. Given a
procedure based on the repeated use of an analyzer, this adds another
dimension to the problem. The automatic optimizing procedure herein
described has been mechanized by first selecting the shelter type and
location which results in the best cost effectiveness obtainable. Con-
sidered as a system, this shelter might have low cost and low effective-
ness. The program continues by successively assigning and reassigning
potential shelters until the system of the best possible effectiveness has
been achieved. This system might be characterized by high cost and
poor cost effectiveness. Each cycle of program operation involves some
increasing total system cost and the corresponding system consists of a
shelter mix and deployment yielding the highest effectiveness at that total
cost. The program could be used to generate a possible optimum design
for some specified cost level but this would involve generating and dis-
carding the systems for all lower cost levels since these optimal systems
are a necessary by-product of the computational process. From this
point of view, devising potential optimal system designs as a function of
total level of effort is not a problem complicating factor but something
which would be done even if it were not required.

0-4
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.is accurate as thle problem uncertainties and to be recognizable to those
dteveloping the local plan. A bivariate normal representation of the popu-
lation distribution, for example, can be used for many analysis purposes.
It is not likely to satisfy the needs of a passive defense system designer
devising a local plan, however. The alternative is to divide the locale
into many cells, the size of which is the resolution of the locale repre-
sentation. The procedure which seems to be most widely used at present
is to divide the area into arbitrarily shaped cells which in some way
reflect local conditions. We have chosen to employ a matrix of geometri-
cally related rectangles.

There is an interesting discussion of this subject in Ref. 2.
This report describes a tactical evacuation model based on the arbitrary
cell system of describing the population distribution and its relation to
the network of streets and highways. The major damage assessment
procedures of which we are aware also employ the arbitrary cell method.
While the rationale of the designers of these procedures is not known,
it may have been similar to the Ref. 2 comments. Other factors, such
as a large area of interest, limited fast access computer memory and a
desire to directly employ census data, certainly contributed.

We did not choose to divide the area of interest into small
rectangles (called artificial cells in Ref. 2) because it was easier, which
it was not. The easier procedure would have been to use census tracts,
or subdivided census tracts, the characteristics of which could be easily
listed. We went to some trouble, even to the extent of devising computer
programs to assist in the preparation of data, because the result seemed
to be worth the effort. For our purposes, both procedures could have been
made to work. We also appreciate that a form of rectangular element
data (or a blend of diverse element shapes) could be used as input data
to an arbitrary cell model. This argument, however, misses the point
of using geometrically related population distribution elements.

The reason for the use of rectangular elements is to establish a
correspondence between the computer memory and the real world. The
values of the incremental cells are considered to be an array or matrix.
If the indexing of the array with respect to a map and the array scale
factor are known, it is not necessary co store the two position coordinates
of each tract since the position of the record in memory provides the
same information. This has the effect of greatly reducing the amount of
stored data required. Corresponding to each tract of no value, however,

AIM 64-T-4, Tactical Evacuation Study Summary Report; Painter,
Bialek and Sklarsky, November 1963, Academy for Interscience
Methodology, Museum of Science and Industry, Chicago, Illinois
60637. (Reference 2)
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a zero must be stored in memory to keep the value distribution correct.
For some purposes, where spatial relationships are not important, we
have achieved even greater computer memory economy by eliminating the
zero records. This produces a compressed, distorted computer map of
the real world which, however, contains the correct record values. The
map is subsequently restored by comparing the records to the elements
of a binary population distribution array which indicates where the zero
records should be inserted.

Computer running Eime is perhaps an even better argument than
computer memory conservation for the use of geometrically related
elements. One might, for example, desire to compute blast casualties
associated with some weapon impact point. A reasonable procedure
would be to compute a radius beyond which casualties would not occur.
If geometrically related elements were used, the computer could directly
read the population of each element within this radius. More detailed
computations would then be made for these elements. If arbitrary
elements were used, the computer would examine each record in a list,
read the position coordinates, compute the distance to the impact point,
compare the distance to the lethal radius and decide whether detailcd
casualty computations were required. It would, of course, be possible
to order the arbitrary element records, say by latitude and longitude
intervals, and thereby avoid testing every record in the population
distribution representations. This would, however, be similar to con-
verting the arbitrary cell records to geometrically related elements.

It is clear that it would be possible to write a routine which would
convert arbitrary cell type tract records to matrix type bookkeeping.
Each element of the target array wouid first be set to zero. The computer
would then scan the tract record list. For each tract, the track location
coordinates would be converted to matrix i, j numbers by dividing by the
scale and rounding. The carget value would then be added to the proper
matrix magnitude.

It would also be possible to write a program which would convert
target data in matrix form to arbitrary cell type tract records. The
routine would scan the entire matrix. For each non-zero element, the
program would write a tract record giving the incremental area value
and the location coordinates which would be computed as the product of
the scale factor and i and J.

If arbitrary cell type tract records were converted to matrix
form and then back to the arbitrary cell type again by the routines
described above, the final records would not be exactly the same as the
originals. Some of the records might be combined and the location
coordinates might be changed by an amount less than half of the matrix
scale factor. They would be operationally equivalent, however, if the
incremental areas and matrix scale factors were properly chosen.

0-6



\:hi Ic the, iwo kinds of tract records may he con verled back and
lorh and the shape ofIsome, or all, of arbitrary cell Clements may be
,rectangular, the data processing programs which operate on the popu-
lation distribution representation must be of one type or the other. If a
program allows for the possibility that the tract elemunts are i' r
geometrically related, it is. an arbitrary cell type program and Lhe
advantages of requiring that the elements be geometrically related are
lost. If the program exploits the properties of geometrically related
elements, it is an artificial cell program and can not be used with
arbitrary cell data.

An optimizing program would be expected to contain some kind of
analyzing sub-model which would be continually re-evaluated while
approaching the desired optimum. Since the analyzing sub-model re-
quired here would involve weapon effects. a ntcessary characteristic
of the methodology used is that it permit the rapid application of weapon
effects to the population distribution tracts. This was an important'
factor in the choice of geometrically related elements for the population
distr bution representation.

A possibly unique feature of them ethodology here described is -4
the use of a weapon effects matrix of the same scale factor as the target
array. A simple example of the use of this concept is the computation
of blast damage associated with a given DGZ. For this problem a
square matrix would be used with an odd number of rows and columns.
The center element is the DGZ. The value of each element of the matrix
is the probability of target value kill for an element at that distance from
the DGZ. The center element of the weapon ,, rray is then indexed to the
DGZ element of the target array. Each element of the target array which
has a corresponding element in the weapon array is reduced by the
fraction indicated by the corresponding element of the weapon array.
With this system it does. not matter how complicated the weapons effect
function is since it is only used to compute the weapons effects array
and this operation need be pcrformed but once. Model running time is
therefore essentially independent of the weapons effect function used.
This is not the case if arbitrary cells are used to represent the popu-
lation distribution. The idea of a weapon effeci: array is not possible
since there is no spacial regularity to the tract records. It would
appear necessary to evaluate the weapons effect function over and over
again during the operation of the model. A shelter mix and location
optimizer program herein described involves the use of a composite
weapons effect matrix. This matrix is the same size as the population
distribution array and considers all weapon effects for any number of
weapons.

Soft military targets are understood to mean air bases. Parked
aircraft and the buildings required to support the operation of the base
are damaged by relatively low overpressures. A reasonable attack
against such targets was originally considered to be a small number of
weapons detonated at the altitude which maximizes the weapon lethal

o - 7
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radius for the required low overpressure. Such an attack would not be
expected to create a fallout problem. Hard targets, typically, hardened
missile launch sites, require many large yield weapons detonated at very
low altitude or on the surface for their destruction. An attack of this
kind would create intense radiation fields over a very large area. The
presence or absence of significant fallout fields was considered to dis-
tinguish hard and soft targeting situations.

There are, however, reasons why a high altitude detonation might
not be used against air bases. The aircraft might be airborne at the
time of the attack or could have been deployed to secondary airfields.
Vital supplies, such as fuel and weapons, are normally reasonably hard
and can easily be specially hardened. A high altitude detonation is un-
likely to damage ramps and runways. A low altitude burst might be
used in an attempt to crater runways, destroy fuel and armament
supplies and deny use of the base by the prolonged presence of intense
radiation. A more extensive discussionof attacks on Air Force bases
is given in Ref. 3. *

If it is admitted that low altitude detonations might be used against
soft military targets, a necessary characteristic of the Soft Target
Study methodology is that it handle all weapons effects. The difference
between hard and soft target situations does not appear in the method-
ology appropriate for these cases. It will, however, appear in the study
results as a consequence of the different weights of attacks which are
reasonable against air fields and hardened missile launching complexes.

Another characteristic required of the methodology developed is that
it emphasizes the systems aspect of civil defense countermeasures.
Individual weapon effects, particular shelter designs and various kinds
of countermeasure activity have all been extensively studied elsewhere.
It is not the intent of the Soft Target Study to repeat this work. The
objective is to combine the results of this activity into a systemsanalysis procedure capable-of identifying countermeasure. systems of

good cost effectiveness given a particular targeting situation. To
accomplish this objective, we have selected the most tractable weapon
effects models and other submodels which appeared to provide an
accuracy comparable with unavoidable uncertainties in this problem area.
The validity of our results and conclusions wilt depend on the submodels
used. The utility of the methodology developed should not, however, be
judged by the accuracy of the submodels, since these can easily be
changed as required for specific applications. The utility of the pro-
cedures used should be evaluated by the extent to which they produce
the kind of data required for reasonable Civil Defense planning.

OCD Hard Target Study First Quarterly Report, The University of
Arizona Engineering Research Laboratory, Tucson, Arizona,
4 September 1962. See alo Strategy for Survival, Martin and
Latham, University of Arizona Press, 1963. (Reference 3)
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Developing a Civil Defense countermeasure system for a particular
locality is frequently considered to be a local problem. However, the

possibility of obtaining Federal financial support of the plan usually arises.
Just as there exists an optimal effectiveness versus total system cost
curve for a local countermeasure system, *a similar curve must exist
on the national level. Corresponding to each point on the curve would be
an allocation of funds among the communities which would result in the
greatest overall effectiveness attainable at that total cost level. A pilot
study should involve procedures which could easily be applied to any
number of localities. It would also be desirable if the procedures could
be applied to large areas and would produce output information of a type
which could be combined to produce optimal allocations of effort for as
many localities as desired for all'total cost levels.

Ref. 1* contrasts the Building and the Operating Systems. ,The
methodology developed for the Soft Target Study contributes to the Building
System. Emphasis is placed on optimization, flexibility, uncertainties,
ease of parameter variation, etc. Procedures suitable for developing a
plan of action for the period between warning and attack appear to have
characteristics of both systems. They belong to the Building System in
the sense that they could be applied before warning was received. Plans
would be developed as a function of time available before the attack.
The appropriate plan would be selected at the time that warning, and
presumably an estimate of the time available, were received. The pro- I
cedures may be considered part of the Operating System in the sense that
the plans would be based on the countermeasure provisions actually
available. Each time the Building System made significant changes to
the potential Operating System, the procedures would: be reapplied to
develop an appropriately modified set of plans.

Procedures to be used by the Operating System in the post attack
situation would involve even more specific inputs. The initial condition
of the system at the time of the attack, the meteorlogical data and the
yields, detonation points and burst altitudes of the attacking weapons
would all be known. The problem is to develop a fast assessment of the

situation upon which to base action decisions during the critical hours
following the attack. The procedures should be capable of accepting
actual damage information as it became available and of correcting the
entire damage assessment picture according to data received. The pro- t
cedures would be useful as long as prolonged weapon effects need to be
considered by the surviving population.

While the Soft Target Study is not concerned with the System
Analysis requirements of the Operating System, it would be desirable
if techniques developed could be adapted for use in the post attack
environment.

*Devaney, ob. cit.
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.1,
The .lterature contains examples of companies or organizations dOvis -

Ing shelter designs with at least the implied recommendations that they be
generally constructed. From the point of view of an entire community, it
is unreasonable to restrict shelter planners to a small number (perhaps 1)
of shelter designs. The kinds of shelters which should be considered
depend on many factors including the availability of land and the character
of existing and projected structures near the locations where shelters are
desired. The use of a reasonable catalog of sheltering provisions, which
would also include the possibility of various kinds of hardening of existing
structures, tends to keep shelter costs down to reasonable cost levels

except perhaps for very densely populated areas.

While the cost of a particular shelter design may not vary greatly over $
the areas where the shelter is reasonable, the cost effectiveness of the
shelter will vary enormously depending on the threat at each location where
the construction of the shelter is considered. The use of a catalog of
sheltering provisions not only permits the shelter system desizner to keep
the total cost of the system within reasonable limits but permits achieving
desirable cost effectiveness levels over the system. In general, f an
optimal system is desired, the greater the variety of sheltering provisions 4
in the catalog, the greater will be the effectiveness of the overall system
at each cost level.

A required characteristic of the methodology developed is, therefore,- -
that it accpt a catalog of sheltering provisions and distribute these provi-
sions in the way which will result in the greatest number of survivors for
each total system cost level. This will usually mean that people in differ-
ent locations will be provided shelters of quite different characteristics
and many may be given no protection at all at the low total cost levels.
This may be objectionable from some points of view but is reasonable for

dollar limited situations since providing protection at some level of effort
according to any other distribution rule will sacrifice expected survivors. i

Another required property of the Soft Target Study methodology is
that it take threat uncertainties into account. Assuming that an attack
will occur, no one can predict exactly what form it will take in any local
situation.. This is not an argument for doing nothing or arbitrarily select-
ing one shelter or another. There are ordinarily a small number of local
attacks which appear reasonable with, perhaps, different likelihoods and
it is possible to devise a countermeasure system which maximizes the I
expected number of survivors at each cost level. The actual num1ler of I
survivors, given that an attack occurs, will not be as great as if the system I
were optimized for that attack but will probably be greater than if the choice
of shelters is arbitrarily made.

0-10
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The analysis procedures should not consider that the population to be

protected is an inert quantity of target value. The population can move
during the interval between warning and attack and after the attack. The
population can also perform tasks which reduce the effect of the attack.
Procedures which do not take this capability into account will compute the
effectiveness and cost effectiveness of a countermeasure system to be
less than it actually would be.

The vulnerability of unsheltered population varies over the population"
distribution representation depending on the kind of existing construction
within each element. It would be a mllstake, for example, to associate
the same critical overpressure with occupants of normal homes and
reinforced commercial buildings. The Soft Target Study methodology
should take these vulnerability differences into account.

The ability of an element to accept countermeasure provisions also
varies over the population distribution representation. The removal of
ignition points, for example, would only be an appropriate countermeasure
over those neighborhoods where removable ignition points exist. The
methodology developed should have a capability of determining which
countermeasures of the catalog can be reasonably considered for each
population matrix element.

The final characteristic of &.e methodology developed is that it be
genuinely useful to Civil Defense planners while attempting to design a
countermeasure system inexpensive enough to be realizable and effective

enough to be worth while.
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The preceding characteristics required of the Soft Target Study
methodology are summarized as follows:

Efficiently determine system of best cost effectiveness

Level of effort a problem variable

Reasonable resolution of locale representation

Program efficiency J
0 Fast access memory conservation
9 Convenient application of weapon effects
* Fast running

All weapon effects

Systems aspect emphasized
* Utility of the method not a function of particular

submodels used

Optimal alocation of effort among localities

Procedures for use in the Building System
* Desirable for procedures to be adaptable for use

in the Operating System

Countermeasure catalog

Uncertainties taken into account

Population mobility

Variation of unsheltered vulnerability characteristics with position

Variation of countermeasure acceptability with position

Genuinely useful for Civil Defense planning ' . j

SUMMARY OF METHODOLOGY CHARACTERISTICS

0-12



In general, ALL OF THE CHARACTERISTICS MENTIOVED HAVE

BEEN ACHIEVED, at least to some extent. In many respects the proce-
dures seem ready for immediate use. In other areas, additional refine-
ment appears desireable depending on the application. The Soft Target
Study has been considered to be primarily a research study in Civil.
Defense countermeasure systems analysis methodology although a pilot
city demonstration study is required. If the Office of Civil Defense should
choose to apply procedures similar to those herein described it may be
desirable to obtain expert advice regarding final programming details
and input constants for each of the principle submodels of the basic systems
analysis structure which has been developed.

The methodology is described in three sections. Section I contains
summary descriptions of analysis procedures applicable to the soft target
problem. Earlier forms of these were available at the beginning of the
study, having been devised for other projects. They were used during the
Soft Target Study as a basis for the development of new and more specifi-
cally applicable procedures.

The early activity under the Soft Target Study resulted n a computer
program called the Single Shelter Type Deployment Optimizer. Experience
with this program indicated that a countermeasure system of greater
effectiveness could be obtained if a catalog of shelter provisions were
available for use in the optimizer program. An improved program called
the Multiple Shelter Type Mix and Deployment Optimizer was then written.
It was finally appreciated that fallout might be a problem in soft target
situations. Fallout is very difficult to include in programs primarily
concerned with overall system effectiveness. A program was first
written to generate fallout iso-field diagrams as a function of time after
burst. This program was then incorporated in a countermeasure system
evaluator program called the Dynamic Analyzer. This program is use-
ful as an independent program and Is described in Section IL

The final methodology development activity involved combining the
optimizer techniques which had been devised, the method of handling
fallout, threat and meteorological uncertainties and a scheme for correlat-
Iug shelter cost and suitability data with locations in the population
distribution representation in a program called the Multiple Effects
Weighted Strategy Shelter Optimizer. This program is described in
detail in Section InI.
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SECTION I
SUMMARY DESCRIPTION OF SOFT TARGET STUDY
SYSTEMS ANALYSIS METHODOLOGY

X
INTRODUCTION

The Hughes Aircraft Company, Ground Systems Group in Fullerton, '
California, has performed the Soft Target Study for the Department of

Defense, Office of Civil Defense. The methods herein described were
developed by the Operations Analysis Section of the Systems Division.
Programming and other assistance has been provided by the Mathematical
Analysis Section. The scope of work includes developing procedures and
methodology for studying patterns of attack, for evaluating local hazards,
for determining potential civil defense countermeasures for cities closely
associated with soft military targets and for computing the cost effective-
ness of alternate systems of protection. Study of this problem has shown
that there is a difference in the intensity and relative intensity of the dif-
ferent weapon effects for cities near soft and hard targets. However, all
weapon effects need to be considered for both cases. The significance of
this fact Is that procedures similar to those herein described may be applied
to the study of Civil Defense countermeasures for cities in any targeting
situation. .! i
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TARGET VALUE AND WEAPON EFFECTS

TARGET VALUE DISTRIBUTION MODEL

The first step in devising a procedure for quantitatively considering
the pattern of attack and the local hazards problem is to establish the means
of describing the area distribution of target value for the area of interest.
A procedure which has been employed is the use of many small tracts of

possibly irregular shape. These tracts are so small that the location of
any point in the tract may be used as the location of the entire tract and
weapons effects are considered constant over the area of the tract. Records
containing the characteristics and location of these tracts are stored as a
list in a computer. There is no systematic arrangement of these tracts
although the computations can be facilitated by various kinds of sorts.

In order to reasonably analyze or optimize a Civil Defense system,
some representation of the threat must be assumed. National estimates ,

of the local targeting situation throughout the country are thought to exist
and, if this information is available, may be used as the threat model.
If this data is not available, idealized targeting problems have been exhaus-

tively treated in the literature. In practical situations, however, these
simple solutions rarely apply. One complication is the fact that most of
the target value of interest for Civil Defense is not clustered around pre-

sumed enemy target points but is distributed at varying distances from
these points. Another complication is that the target value is distributed

around the aim points in a non-analytic way and this distribution is differ-

ent for every community.

F
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The procedure employed at Hughes Is to divide the target area into
a matrix or grid of small, incremental, rectangular areas. Since these
areas are geometrically related, the computations proceed very rapidly.
An example target matrix for Los Angeles is shown on Figure 1. The
value of each element in this matrix Is the fraction of the area of the ele-
ment which is zoned industrial, on a parts per thousand basis. The main
geographic features in this region are discernable on the map. We have
written computer programs which convert tract data, the form in which
original information is usually obtained, Into the matrix format used for
automatic computation.
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FIGURE I TARGET MATRIX
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WEAPONS EFFECTS MODELS

The usual procedure for representing weapon effects is to devise
expressions which relate probability of target kill to distance from the
aim point. These relations are continually reevaluated as the computer
prograrn is executed. This procedure Is time consuming but necessary
if the small tract system of representing area distributions of target value
is used. The target matrix concept, however, suggests a more desireable
procedure. This procedure is the use of a weapons effects matrix as
illustrated on Figure 2. The matrix is a square array with an odd number
of elements in each row and column. The center element is the weapon

aim point. The value of each element is the probability of kill for a
particular kind of target value at that distance from the aim point. The
matrix is used to compute the expected target value kill associated with
an aim point by indexing the center of the matrix to the aim point element
of the target val o
elements of the two arrays.

:I,
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FIGURE 2 EXAMPLE WEAPONS EFFECTS MATRIX
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FALLOUT MODELS

The weapons effects functions used to compute the weapon matrices

have been taken from the literature although some original work has been

performed in adapting these procedures for rapid automatic computation.

An example output of the fallout submodel is shown beginning on Figure 3.

The elements of this array Indicate the radiation fields due to fallout 36

minutes after weapon detonation, which occurred in the element ndicated

by the asterisk. In this example, the array Is too large for the element,

values to be printed. Instead, the values have been coded by intervals and

indicated by a single character. In this example, the wind is from the left.

Figure 4 is the same situation 12 hours and 36 minutes after detonation.

The result was computed by a later version of the program which prints
iso-field contours rather than a solid area of characters. The decay of

the field along the upwind side of the pattern and the growth of the field
downwnd Is evident on the figure. Figure 5 is the situation 1 day, 3 hours

and 36 minutes after detonation. Radioactive decay has occurred everywhere

over the diagram.
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FIGURE 3 FALLOUT DISPERSION CONTOURS
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AIM POINT ASSIGNMENT

Aim POINT OPTIMIZATIONI

These techniques for representing target value and weapon effects
distributions have been used in programs employing several aim point
assignment modes. Two of these are illustrated on Figure 6. An auto-

matically synthesized, bivariate distributiou% of target value was used inI

TARGET
CENTER

+ +)

Y0 00

HUGHE S A IRCRAF T COMANY AUTOMA TIC TARGET 0ASSIGNMIENT PROGRAM

o 162 115 109

DIFF ERENCE

0 0
TARGET
CENT ER

0 0

0 RAND MUSTARD AUOMATIC TARGET ASSIGNMENT FZOGRAM0i

FIGURE 6 AIM POINT ASSIGNMENT j
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these examples. The procedure of merely assigning each succeeding
round to the aim point which maximizes the expected damage against the
remaining target value is illustrated across the bottom of the figure. The
first round is assigned to the center of the target. The second attack is
the second element below the center. The third aim point is two elements F

The aim point assignment procedure illustrated across the top of
the figure is somewhat different. Each succeeding weapon is initially
assigned to the aim point which maximizes the expected damage against
the remaining target value as before. The entire aim point set is then
readjusted by an optimizing procedure which alters the aim points in
order to maximize the expected target destruction for that number of
weapons.

The first round is assigned to the center of the target as before.
The second is also initially assigned to the second element below the
center of the target. During the iteration procedure, however, the first
aim point is raised an element, which permits the second aim point to
fall into the corresponding position under the target center. The third
round is initially assigned to the right of the target center. This forces
the lower aim point to the left one space and the new aim point moves
down to complete the triangle. The optimum aim point set with four
rounds is the square pattern shown. The greatest improvement obtained
with the iterative optimizing procedure is 162 units, which occurs with
only two rounds. In general, the iterative optimizer only achieves a
significant improvement in the expected target value killed if the number I
of rounds is small and the precision of delivery is good.

AnI POINT INPUT MODE

Figure 7 is an example of the use of the input aim point mode. An
aim point list has been computed for 10 weapons using the Los Angeles
target array shown on Figure 1. These aim points are used as inputs
for evaluating the effect of this attack on another target value distribution.
The target matrix shown here pretends to be the distribution of Nike sites
n the Los Angeles area. Figure 8 is the probability of survival, again

in parts per thousand, for these sites for assumed values of weapon yield
and target hardness.
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ISO-DAMAGE CONTOURS -

Figure 9 illustrates the final program aim point mode. The target
matrix used in this example extended from Columbus, Toledo and Detroit
to Washington, New York and Boston. A map outline has been superim -
posed on the grid to help identify the iocations of the elements. When
operating in this mode, the computer centers a weapons effect matrix on
each element of the target matrix. Each output character represents a
range of casualties summed over all population elements in the vicinity
for a weapon detonated at that point.

It is clear that these targeting and local hazard evaluator programs
could be used with population distributions protected by various shelter
types. By making enough runs it would be possible to get some idea of
which shelters should be used where to provide maximum protection as
a function of total system cost. The programs would be very difficult to
use in this way, however, since they were not intended for this purpose.
We have preferred, therefore, to take a more direct approach to the prob-
lem of optimizing civil defense countermeasures.

i
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SINGLE SHELTER TYPE LOCATION OPTIMIZER

Our first accomplishment under the task of evaluating the cost effec-
tiveness of alternate systems of protection was a digital computer program
called the Single Shelter Type Location Optimizer. The program was
important for several reasons. It demonstrated the utility of the procedure
for representing arbitrary, area distributions of target value in counter-
measure optimization programs. The weapon effect matrix concept was
expanded into a composite matrix of the same size as the target matrix -1
which included the effect of all weapons in the attack. This modification
was desireable since the aim points are held constant during a counter-.,
measure optimization run. The program established the utility of generat-
ing optimal total system cost vs. countermeasure system effectiveness i

curves without specifying an operating point (which is left to those author I
ized and competent to make such decisions) and the worth of the inverse
cost effectiveness (ICE) algorithm for computing optimal civil defense
countermeasure systems.

1I
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A typical, optimal cost effectiveness curve is shown on Figure 10.
The program assigr, e ahelters to non-zero population matrix elements
tn the sequence of increasing ICE; that is, increasing cost per expected
survivor added. Each assignment resulted in a point on the curve. The
total system cost, and also the system effectiveness, are low. As more
locations are assigned shelters, the cost effectiveness of the assignments
are successively less destreable since the unassigned locations are either
too near the aimpoints for the shelters to be effective or too far for the
shelters to be needed. The curve terminates when all elements are assigned
shelters. The final assignment typically adds to the total system cost with-
out adding significantly to the effectiveness of the system. The cost effective-
ness of this assignment Is poor and the optimal cost vs. survivors added
curve is quite steep. The objective of the countermeasures systems designer

is to keep the slope of the curve as low as possible. The procedure for
generating the curve automatically computes the corresponding optimal
countermeasure deployment. This deployment, which is the deployment
which maximizes the expected number of survivors at each total system
cost level, is displayed for desired cost levels by what is called a shelter
deployment matrix.

i

Survivors Added

FIGURE 10 OIrMAL COST EFFECTIVENESS CURVE
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MULTIPLE SHELTER TYPE AND LOCATION OPTIMIZER

INTRODUCTION 
44!

Eli

An improved version of the single shelter type location program ,

permits input of a catalog of potential countermeasures. This introduced
the idea of an optimal mix and deployment of countermeasure provisions
and resulted in the development of the conversion inverse cost effective-
ness (CICE) algorithm, a more powerful analysis device for computing 4
optimal systems of protection.

NOMENCLATURE .

The following symbols will be used in this discussion:

(PM) -- Population Matrix

= Denotes an Element of a Matrix '

C i  - Capacity of Shelter i

(DC) i  = Dollar Cost of Shelter i

(SC) i  - Specific Cost (Dollars Per Person Sheltered) of Shelter i !

(PSM) = Population Survival Matrix

U - Unsheltered !

::" l1- 17
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(ICE)' = Inverse Cost Effectiveness of Assigning Type i Shelters to a
Previously Unprotected Element

(ICE)j - Inverse Cost Effectiveness of Converting Type j Shelters" to
Type i Shelters at Some Element

MATHEMATICAL RELATIONS

Assuming two shelter types are given, Type I and Type 2, the cost
of using one or the other of the shelter types is found by dividing a particu-
lar element of the population, (PM)', by the shelter capacity to find the
number of shelters required and multiplying this number by the shelter
cost:

(PM) ,(DC),
C 1 Cost of protecting the population with Type I

shelters

(PM) '(DC) 2  - Cost of protecting the population with Type 2

C2  shelters

If fractional shelters are permitted as a computational convenience,
it is permissable to define a quantity, called specific cost, which is the
cost of the shelter per person sheltered. In this notation:

(SC), (DC)I/Cj

(SC) 2 - (DC) 2 /C 2

and
(SC)I(PM)' Cost of protecting the population with Type I

shelters

(SC) 2(PM)' Cost of protecting the population with Type 2
shelters

The expected number of persons surviving by using shelters is the
product of the population and the probability of survival at the point:

(PM)'(PSM) u  - Expected number of survivors if no shelters
are provided

1-18



(PM)'(PSM) i  Expected number of survivors if Type I
shelters are provided

(PM)'(PSM)i Expected number of survivors if Type 2

shelters are provided.

The expected number of persons "saved", called survivors added,
given an attack is the difference between the number of survivors with and 4
without shelters:

(PM)'(PSM) i  - (PM)-(PSM)j = I
(PM)' [(PSM)' - (PSM)J = Expected number of survivors

using shelter Type I

(PM)' [(PSM). - (PSM) - Expected number of survivors
added using shelter Type 2.

The inverse cost effectiveness of these shelter types, that is, the cost per
survivor added, is obtained by dividing the cost by the number of survivors
added:

(SC) 1(PM)'

(PM)' (PSM)j - (PSM)u J

(PSM) i  (PSM)u  (ICE)j

(SC) 2  4(ICE)
(PSM) - (PSM) ,(E

It is now convenient to mention the concept of relatixe hardness of I
shelters. It is required that the shelters be ordered by relative hardness
and that the shelter numbers be assigned in sequence. It is also required
that a shelter be at least as hard as any other shelter of lower shelter
number everywhere, that is, that:

(PSM) u e (PSM)j ! (PSM)i

for every element of the array. This requirement was adopted to simplify
the optimizer logic and Is reasonable as long as only blast is considered.
The final optimizer program, which is described in Section 3, takes all
weapon effects into account. The idea of shelter ordering by hardness is

I- 19 !
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not used In this program since the hazards vary from place to place and,
In principle at least, the ordering of the shelters by the degree of protec-
tion they afford the occupants may be a function of shelter location.

Another concept used is that of conversion of one shelter type to a
harder type. In practice, if the types were very dissimilar, this might
involve digging out the old shelter, disposing of the debris, filling in the
hole and starting over so that the cost might be even greater than the
normal cost of the hard shelter. "Conversion" is never used in this sense
in this report. We are trying to construct a maximum effectiveness vs.
cost curve. This curve is developed by starting at zero cost, picking the
shelter providing minimum inverse cost effectiveness and continuing until
everyone is sheltered with the hardest shelter type at maximum cost.
Selecting the point on this cur ve which is to be used is considered a

problem beyond the universe of this study. The point selected implies
a shelter mix and location distribution which must be generated with the
effectiveness vs. cost curve. To generate the curve the program repeat-
edly asks whether it is better to add a new shelter of some type some-
where or whether It would be better to replace a previously assigned
shelter with a better one. This, in the terminology of this report, is
called "converting" a shelter into another type. The cost of the conversion
in this sense is the difference in the specific costs

(SC) 2 _1 - (SC) 2 - (SC)I

and the associated number of "survivors added" is

(FM)' I (PSM)i - (PSM) i ]

so that the inverse cost effectiveness of this strategy would be

(PM)'(SC) 2 -i

(PM)' [ (PSM)2 - (PSM) i ]

(SC)2 -1
= (IC E)'_

(PSM), - (PSM)i 2- 1

It is clear from this discussion that conversions will only be made from
one shelter type to a harder, more expensive shelter since if the harder
shelter were less expensive, it would have been selected first.

1-20
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THE SHELTER TYPE STATE-OF-THE-ART TEST

It is also clear that if the possibility is to exist that each shelter type
may be chosen for some location at some total cost level, the shelter costs
must be ordered in the same way as the shelter hardnesses. This fact may
be used to eliminate inferior or obsolete designs from those which are
state-of-the-art. A possible situation is shown on Figure 11. Three state-
of-the-art shelter types exist as shown. The shelter numbers apply to
their ordering with respect to both hardness and specific cost. A new
shelter design is devised. Its hardness is greater than shelter Type 2
but less than shelter Type 3. It is asked what this new design contributes
to the state of the shelter design art.

II
POSSIBLE HARDNESS _-_-_ 1 INFERIOR DESIGN
NEW DESIGN

-II

STATE OF THE ART
, DESIGN NO. 3

IEW STATE OF THE ART DESIGN

OF THE ART".'---IN . i

o BREAKTHROUGH - OBSOLETES DESIGN NO. 2

,, 1T E THE ART I," DSIGN NO. 1
/ BREAKTHROUGH - OBSOLETES DESIGNS NO. I AND NO. 2

SHELTER HARDNESS

FIGURE 11 NEW SHELTER DESIGN TEST

The answer is that it depends on the specific cost. If the cost is less
than that of shelter Type 1, it is a design breakthrough. It obsolates designs
I and 2 and the new design and the old design Type 3 are the only types
which need bc considered for shelter systems at any cost level. If the
specific cost 's greater than the cost for Type 1 but less than the cost for
Type 2, it is Rtlill a design breakthrough, but only obsoletes design Type 2..-
Type I, Type 3, mnd the new design may all be used in the optimum shelter
system at some total cost level. If the cost is greater than the cost of
Type 2 but less than the cost of Type 3, it is a new state-of-the-art design..
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It does not obsolete any existing designs but may permit the definition of a
shelter system of greater effectiveness at some cost level. If the specific
cost is greater than the specific cost for Type 3 shelters, it is an inferior
design. It will never appear in an optimum shelter system at any cost
level.

Similar tests can be applied to shelters of any hardness. It is
noticed that if the hardness of a shelter of new design is less than the
hardness of shelter Type 1, the new design can only be state-of-the-art
or inferior. If the hardness of the new design is greater than the hard-
ness of shelter Type 3, the new design may obsolete all existing shelter
types, may obsolete Types 2 and 3, may obsolete Type 3 or may be
state-of-the-art. It cannot be inferior.

MULTIPLE-SHELTER TYPE MDC AND LOCATION OPTIMIZER LOGIC

The operation of the mix and location optimizer ts illustrated on
Figure 12. This graph shows the cost effectiveness (survivors added per
dollar) of three shelter types as a function of distance from threat weapon

aim point for a particular set of assumptions. Type I is the softest, least
expensive shelter. It also has the greatest cost effectiveness, which
reaches a maximum at a moderate range and is low at the aim point, since
it is too soft to help, and at large ranges where shelters are not needed.
Type 2, a harder more expensive shelter, has its maximum effectiveness
closer to the aim point and is optimum over a range of distances. Type 3,
the hardest, most expensive shelter is optimum for the area around the
aim point. Since each type is optimum at some distance, the shelter
numbers must refer to their ordering with respect to both hardness and

cost.

One shelter assignment scheme would be to provide the shelter at
each location which has maximum cost effectiveness. If dollars available
were limited, a reasonable approach would be to start at the maximum of
the Type 1 curve and work both ways until the available money was exhausted.
Locations at greater ranges would all receive Type 1 shelters. Working
in toward the aim point, Type 1 shelters would be constructed until the

radiua at which the Type I and Type 2 curves intersect was reached.
Type 2 shelters would then be constructed and finally the Type 3 shelters
and remote Type I shelters would complete the program. At each point,
working in and out, the cost effectiveness for each direction, though
decreasing, would be kept equal. "I's procedure, though seemingly
reasonable, would not provide the greatest numbers of survivors added
per dollar spent unless the total allowable cost was so small that only
Type I shelters would be used In a ring around the aim point, which
would leave the region of the aim point and the remote areas unprotected.
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FIGURE 12 SHELTER SYSTEM OPTIMIZATION

The cost effectiveness curves for converting Type 1 shelters to
Type 2, Type 1 to Type 3 and Type 2 to Type 3 are also shown on Figure
12. The Type 1 to Type 2 conversion curve originates -at the intersection
of the Type I and Type 2 curves and is defined for all greater radii. It
has no meaning nearer to the aim point since Type 1 shelters would never
be considered in this region. For the conditions assumed, all of the
conversion curves originate at the intersection of the curves defining the
conversion.

The proper procedure for constructing a maximum effectiveness
versus total system cost curve is to first assign a Type 1 shelter at the
distance yielding maximum cost effectiveness and then working both ways,
keeping the cost effectiveness for both directions balanced, until the inter-
section of the Type I and Type 2 curves is reached. If new Type 1 and
Type 2 shelters only are now assigned, the working points on these cost
effectiveness curves will descend to values lower than the Type 1 to Type 2
conversion curve. A shelter system of greater effectiveness per dollar
spent is obtained if this curve is used. It is, therefore, necessary to
work toward the aim point assigning new Type 2 shelters as well as work-
ig out converting Type 1 to Type 2 shelters and to assign new Type 1
shelters. The working points on these curves are kept as equal as possible
during this process.
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When the cost effectiveness decreases to the value corresponding

to the intersection of the Type 2 and Type 3 curves another complication

is introduced. The Type 2 to Type 3 conversion curve originates at this
point. It is, therefore, necessary to also consider this operation. The
procedure now is to continue working toward the aim point by assigning
new Type 3 shelters and to work out at three different radii by converting
Type 2 to Type 3 shelters, converting Type I to Type 2 shelters, and to
assign new Type 1 shelters. The trend here is to shelter more and more
people witt harder and harder shelters while the average cost effective-
nesz. becomes lower and lower. Eventually, everyone is provided Type 3
shelters but the average cost effectiveness is low. The Type 1 to Type 3
conversion curve is never used.

This shelter mix and location optimizing process is illustrated in
Figure 13. The optimum shelter system at a specific cost effectiveness
level is also shown. No shelters have been assigned to the region around
the aim point since none of the three shelters are efficient enough toi
achieve this cost effectiveness in this region. A ring of Type 3 shelters

surrounds the aim point area followed by rings of Type 2 and Type 1
shelters. No shelters are assigned to the remote area since none of the
shelters are sufficiently inexpensive to achieve the indicated cost effect- I
iveness in regions where the shelters are not likely to be needed. I

0.5

0.4 -

0.3

0.2

0.1 :

NO TYPE 3 TYPE 2 E I Io
SHELTERS SHELTERS SHELTERS SHELTERS SHELTERS

NORMALIZED RANGE FROM AIM POINT

FIGURE 13 EXAMPLE SHELTER SYSTEM OPTIMIZATION
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PROOF OF THE EXISTENCE OF THE TRIPLE-POINT

In the previous example, each conversion cost effectiveness curve
originated at the intersection of the cost effectiveness curves for the I
initial and final shelter types of the conversion. It is asked whether
this is an accident of the particular assumptions used in the example
or whether this will always be true. Figure 14 contains the mathematics
applicable to intersection of the shelter Type 1 and shelter Type 2 cost
effectiveness curves. The first relation states that at the intersection *

MATHEMATICAL BASIS OF THE MULTIPLE SHELTER
TYPE MIX AND LOCATION OPTIMIZER

At some total cost level, shelter type I is optimum over
some region while shelter type Z is optimum for an adjacent
region. On the boundary

(SC)l (SC)2

(PSM)' - (PSM)' = (PSM)' - (PSM)'
I u z u

(SC) 2  (PSM) - (PSM)u

(SC)1  (PSM)l - (PSM)',

(SC) z  (PSM)z, - (PSM)u  -

(SC)1  (PSM)i - (PSM)u

(SC)Z - (SC)1  (PSM) - (PSM)!

(SC)1  (PSM)1 - (PSM)u

(SC)2 - (SC) I (SC)1  = (SC)z

(PSM) - (PSM)! (PSM)i - (PSM)u  (PSM) - (PSM)u'

SC = Shelter Cost/Occupant j

(PSM)' = Probability of Su7'4val Matrix Element

FIGURE 14 MATHEMATICAL BASIS OF THE MULTIPLE-SHELTER

TYPE MIX AND LOCATION OPTIMIZER
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(ICE)1 equals (ICE) 2. After performing the indicated algebraic opera-
tions, the final relation is obtained which states the (ICE)2 _1 equals
(ICE)1 and therefore must also equal (ICE)2. The triple point Is thus
seen to be a characteristic of the problem, not a consequence of the
particular assumptions made.

THE COMPUTER PROGRAM

The computer program is necessarily more complicated than the
simple example shown. The civilian population is distributed in some
non-analytic way throughout the population matrix at the time of the attack
and multiple aim points may be present. While a complete flow diagram
has not been included, a concept for the program is shown on Figure 15.
Three shelter types are assumed in Figure 15.

The computer first computes an inverse cost effectiveness matrix
for each shelter type. These are identified in Figure 15 as (ICE),, (ICE)2
and (ICE)3 . For each zero element of the population matrix, the corres-
ponding elements of (ICE),, (ICE) and (ICE)3 are set to Infinity. The
conversion matrices (ICE)2 . 1 , (I6)3.1 and (ICE)3 _2 are also computed
and are considered arranged as shown. The blank spaces in the array,
which correspond to undefined conversion matrices such as conversion to
the same or a softer shelter type, are considered to be matrices each
element of which is set to infinity. The result is an array of matrices
as shown.

SHELTER TYPE WD. 1 SHELTER TYPE 0O. 2 SHELTER TYPE NO. 3

-- oSCRATCH PAD
ITEMS

wcE)., Cn) I, OC S-k

(E)i (ICE) 2  (ICE)3

2(ICCE ( 2E 1  (ICE )-

(\j/MATRCCE)
33

FIGURE 15 COMPUTER PROGRAM CONCEPT
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Each of the primary matrices, (ICE),, (ICE) 2 and (ICE)3 , are now
scanned to locate a minimum element and these elements as well as their
1, j matrix locations are stored as scratch pad items.

One cycle of program operation involves the following processes.
The three minimum (ICE) scratch pad items are examined and the minimum
quantity is located. This identifies both the shelter type and the coordin-
ates of the population matrix element to receive this shelter type. It may
be, but not on the first cycle, that there are already softer shelters at
this location. The shelter matrix element is read to determine which, if
any, shelter type is at this location and the new shelter type is then read
into the shelter matrix. The summary information is then updated in much
the same way as in the single-shelter type program. These items would
include total casualties, total survivors, total survivors added, total
system cost, number of persons sheltered by each shelter type (obtained
by substracting the population matrix element from the persons sheltered
in the old shelter type and adding the same number to the total for the new
shelter type), average inverse cost effectivenss for the current shelter
system, inverse cost effectiveness for this shelter assignment, etc.

It is now necessary to correct the primary stored (ICE) matrices.
How this is done depends on which shelter type was picked as is indicated
on Figure 15. If the assigned shelter was a Type 1, an infinity is trans-
ferred to the proper (ICE), matrix element. This will prevent reassign-
ing Type I shelters to this location. It is also necessary to research the
(ICE), matrix for a new minimum element, if there are any less than
infinity, and to use this data for the new shelter Type I scratch pad items. -

If Type 2 shelters are ever to appear at this location, they must be
conversions from Type 1. The (ICE)2 matrix is therefore modified by
replacing the element at this location by the corresponding element from
the (ICE) 2. 1 conversion matrix. Two complications are possible. If the
new shelter assignment occurred at the same location as the minimum
element of (ICE)2 , it will be destroyed when the matrix is altered. It is
therefore necessary to search the (ICE)2 array for a new minimum element
for the scratch pad unless, of course, the altered element is less than the
previous minimum in which case it becomes the new minimum element.
In general, this will not be the case and searching the matrix will be
unnecessary. The altered element is merely compared with the previous
minimum element to determine the new minimum element. The element
of the (ICE) 3 matrix is replaced with the corresponding element of the
(ICE)3 - 1 conversion matrix. The same complications with regard to the
scratch pad items need to be considered.
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If shelter Type 2 is picked, an infinity is placed in the proper
element of (ICE)1 . It is not necessary to search (ICE), for a new minimum
element unless the location of the minimum, as indicated by the scratch
pad items, is the location of the assigned shelters. An infinity is also
moved to the (ICE)2 matrix location to prevent assigning more Type 2
shelters to this site. It will be necessary to search the matrix for the
new scratch pad entries. Type 3 shelters will eventually be assigned
to this element, but they will be conversions from Type 2. The (ICE)3 -2
element is therefore transferred into the (ICE)3 matrix. The same
complications exist with regard to the Type 3 scratch pad items as were
described for Types 2 and 3 if a Type 1 shelter was chosen.

The procedure for correcting the primary matrices and scratch
pad entries if a Type 3 shelter is picked should be clear from the informa-
tion given on Figure 15 and in the previous discussion.

The program now begins a new computational cycle by again select-
ing the smallest of the three minimum elements in the scratch pad. In
general, the (ICE),, (ICE)2 and (ICE)3 primary matrices will, in this
order, beco me filled with infinity symbols. The process is complete
after no non-infinity values exist in' the (ICE) 3 matrix. Provisions for
stopping the program after some input number of computational cycles
is also provided.

OtTIrPu FORMATS

A simple case which has been used for checkout of the program is
shown in the following figures. Figure 16 indicates optimum distribution
of shelters at the level where the ICE averaged 297 dollars per survivor
added but at a time when the cost was 298 dollars per additional survivor
added. Figures 17 and 18 indicate the situation at later stages in the
system development process and the high cost, in terms of dollars per
additional survivors added, of shelters after shelters have been provided
those locations where they are both needed and effective. The case was
run with an arbitrary threat and example, though not necessarily unrealis-
tic, shelter costs.
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Figures 16 through 18 illustrate typical shelter mix and deployments

corresponding to points along a maximum effectiveness versus total system
cost curve. A typical optimal cost effectiveness curve, which might have

been generated by either of the optimizer programs previously described,
is shown on Figure 19. The significant variable is plotted as a function of
the number of shelters In the system.

The total system cost curve rises linearly from zero at zero shelters
in accordance with the constant cost assumption of these programs. The

number of survivors increases rapidly with number of shelters for small

numbers of shelters and then flattens off as the marginal effectiveness of
I additional shelters becomes low. The total casualties curve is identicai

In the opposite sense. It falls rapidly until all the locations where shelters
I are useful have been filled and then levels off. It does not go to zero when

all of the population is sheltered since shelters will not help in neighbor -
i hoods near the aim point. :
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FIGURE 19 TYPICAL SHELTER OPTIMIZER RESULTS

The average inverse cost effectiveness is relatively flat except for
the last shelters. The reason for this is that most of the shelters have
reasonable locations and similar (ICE)'s and these tend to average the
effect of shelters at a few extreme locations. The average (ICE) is, of
course, based on the total cost and total saves, and is not the average of
the marginal (ICE)'s.

The (ICE) for each additional shelter is perhaps the most interest-
ing curve. It is low and constant for the first shelters and then increases
at intervals, the marginal (ICE)'s for the last shelters being extremely
high.

Each (ICE) for an additional shelter is equal to or larger than the
(ICE) for any earlier shelter. This must be true for a maximum effective-
ness versus number of shelters curve and may be considered a test of the
proper operation of the optimizer action.
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Arguments based on political, psychological or sociological realities
may Indicate that it would be impossible to obtain the support required to
construct a shelter system in this locality unless shelters were provided
for everyone. While this may be true, application of the Soft Target Study
methodology indicates that sheltering everyone is highly wasteful. It
might be argued that even though the cost per additional survivor is very
high for the last 20 or so shelters in this community, the' should be
purchased if they have any chance of adding as few as one survivor. This
attitude would not reflect a value for human life in a dollar limited
situation since dollars spent for shelters in the high (ICE) areas would
deny shelters in areas of other communities where they would be more
effective. The high (ICE) regions in this example occur near the aimpoint,
where the shelters were not hard enough, and at larger distances from
the aimpoint where they were not needed. Section 3 describes procedures
which may be used to obtain the allocation of a limited effort between
localities which maximizes the expected number of total survivors.
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DYNAMI§ ANALYZER

INTRODUCTION

The first multiple weapons effects program written during the study

is called the Dynamic Analyzer. This program does not develop optimal

countermeasure systems but rather determines the effectiveness of any

particular system against a specified threat. This program may be used

to compute the penalty, in terms of loss of expected survivors, of select-

ing a countermeasure system upon some basis other than maximizing the

expected uinber of survivors at each totat system cost level. 'he program

was written to demonstrate that fast running computer programs using

large population distribution arrays can be written and to test the feasibility

of including phenomena which are functions of time such as fallout (which

cannot be considered independent of prompt nuclear radiation) and popula-

tion motion during the warning time and after the attack.
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OUTPUT FORMATS

Figure 20 Is a population matrix generated by this program. It
applies to a situation Involving two adjacent population centers. Figure
21 is a survival probability grid for the blast and thermal radiation effects
of two weapons of different characteristics each detonated at one of the
population centers for the unsheltered population case. The casualties
due to these effects can be computed by summing the product of the
corresponding elements of the two arrays shown.

1

I

II
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Figure 22 indicates the radiation survival probability for unsheltered
population elements assuming no attempt is made to move from the contam-
inated areas. Both prompt and fallout nuclear radiation is included in this
figure. The survival probabilities were computed by calculating the time
integral of fallout fields similar to those shown on Figures 3 through 5

and using a biological damage model which considers absorbed lethal
radiation and partial tissue repair.

The composite effect of blast, and thermal and nuclear radiation is

shown in Figure 23. The weapon attacking the population center on the
right was detonated at a lower altitude than was the weapon impacting on
the left of the diagram. The lethal effect of the greater amount of fallout
is clearly shown on these illustrations.
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The next diagrams illustrate the arrival times of the population
e)ements at their assigned shelters relative to the occurrence of theI
weapon effects. Figure 24 applies to a shelter system in which shelters
are, In general, located in the central cores of the two population centers
only. In Figure 25 the shelters are distributed at greater distances from
the center of the cities. A

The symbol "0" indicates that with this warning time the population
at that element would be expected to be able to reach their shelters before
occurrence of the blast. The distribution of this symbol is a function of
warning time only, not on the characteristics of the attack, The symbol
"I" indicates the blast would occur while the population element was enroute
to the shelter. It should not be necessary to cross fallout fields to reachthe shelter, however. The symbol "2" indicates that for this warning timeand attack, this pnpulation element would be required to cross fallout fields

to reach the shelter.
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Figures 26 and 27 illustrate the concept of the probability difference
matrix. The arrays apply to the same shelter systems as the previous
illustrations. Each is compared to the no shelter countermeisure perform-
ance level although they could have been compared to each other. If this
had been done, a single array would have Indicated where each of the

systems was the better and by how much.

In the illustrations alphabet symbols such as "X", "Y", or "Z
indicate almost certain population loss without the shelter system and
almost sure survival with the shelters given the instructions for the
population to start for their assigned shelters at the beginning of the
warning period. Symbols such as 'N", "M", "2", or "3" indicate
population elements for which the countermeasures had little effect.
Other printouts of the program reveal whether this is a result of the
situation being so severe that survival is hopeless in either case or
whether the location of the element is so favorable that survival is
essentially certain. Numerical symbols such as "8" and "9" mean
survival was likely if the population in the element remained at their
warning time locations, but was unlikely if the population at that element
attempted to reach their shelters. This is a result of population moving
from relatively safe locations toward the impact points and across the
fallout fields.

1
I
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The tabulated data on Figure 28 indicates the number of persons
assigned to a shelter, how the arrival of the persons was distributed
with respect to the time of the attack and the distribution of casualties
and survivors among those persons arriving before and after the attack.
Also included in this printout is a grmph of the time distribution of arrivals
at the shelter door. The time unit in this graph is the time required for
the population to move from one grid element to another. The Dynamic
Analyzer program is described in detail in Section 2.
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,Se :tion I

MULTIPLE EFFECTS WEIGHTED STRATEGY

SHELTER OPTIMIZER I

INTRODUCTION I

The techniques for optimizing shelter systems which were used in
the Multiple Shelter Type Mix and Location Optimizer, the procedures
for handling the deposition and decay of fallout used in the Fallout Radiation
Field Diagram Generator, the effect of radiation fields on the population
used in che Dynamic Analyzer and critique of these programs by others
were applied to the final shelter optimizer program written during the

study.

This program has been named the Multiple-Effects, Weighted I
Strategy Shelter Optimizer. The procedure takes into account multiple
weapon effects, uncertainties in the threat, uncertainties in the Meteoro- 2
logical conditions existing at the time of the attack and the fact that
natural protection afforded otherwise unsheltered population elements
differs from place to place. The routine employs large, variable size
population distribution matrices and the results of a single computer
run may be combined with other results so the program is easily applied
to geographic regions of any desired size.
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PROGRAM CHARACTERISTICS

The shelter catalog concept used in previous programs has been
extended to include the fact that the suitability of a shelter type at some
location depends on the present condition at that location. A catalog
listing the characteristics of the different kinds of unsheltered situations
in the area of interest, which may include existing shelters, is a new
program input. A shclter corrclation input matrix is shown on Figur.? 29.
The numbers of the unsheltered situations are shown across the top of
the matrix. The numbers of the countermeasures, or combinations of
compatible countermeasures, appear in the column at the left. The.
matrix entries are binary yes or no symbols which indicate whether that
countermeasure should be considered at locations where that particular
unsheltered condition occurs. The matrix is used to permit consideration
of such limitations as: basements of large buildings can only be stocked
if such buildings exist, the cost of adding fallout shelters to schools
depends on whether the schools exist or are planned and the cost of blast
shelters depends on the subsurface conditions.

4

UNSHELTERED SITUATION TYPE

12 34 5 6inf

4

m

1 S

FIGURE 29 SHELTER CORRELATION INPUT MATRIX
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It may seem that optimization of countermeasure systems for a
particular threat is undesirable since it is unlikely that, given that war
occurs, the attack would exactly correspond to the threat assumed. It
is true that if nothing whatever is aczsumed about the threat, no quanti-
tative, which is to say reasonable, study of the problem can be made.
it is, however, possible to optimize a Civil Defense system if several
attack patterns are considered possible with perhaps different likelihoods.

The optimization procedure here described accepts any reasonable number
of attack possibilities and the probability of occurrence of each as input.
For each weapon of each attack pattern, the aimpoint, ycld, CEP, and
burst altitude are also required. The program maximizes the expected
number of survivors at every total system cost level for this uncertain
threat picture.

The weapon effects considered are blast, thermal radiation,
prompt nuclear radiation and fallout. Prompt nuclear radiation and
fallout are not considered independently. The effect of fallout depends I

upon the winds at the time of the attack. These winds are as uncertain
as the threat. For this reason, program inputs include any number of
wind seasons and the probability of occurrence of each. The probability
may be the fraction of the year to which the wind season applies or, if
the threat definition includes time of the year when an attack is to be
expected, the likelihood for the season may be weighted to include the
additional information in the optimization process. A wind season is
specified bya mean wind vector and vector standard deviation

The previous countermeasure optimization programs have
employed fixed size population matrices. The present program applies
what we have termed the shelter vector concept. This idea has not only
given us a greatly improved understanding of the ICE/CICE-algorithms
but has suggested bookkeeping procedures which have resulted in a very.easily applied program. The matrix size is variable but has not been

made essentially unlimited since the requirement for very short running
time is still present. The maximum width of the target matrix is 134
elements, the number of useable output characters per line for the
printer used. The length of the array is only subject to the limitation J
that the number of non-zero elements must not exceed a large number
(about 25,000) divided by the number of shelter types plus 1. The un-
sheltered condition number is added to the input card required for each
non-zero population matrix element. While the maximum size of a
population matrix is limited, shelter assignment matrices computed at
the same ICE/CICE level may be directly combined. The total system
cost and total survivors added legends for these arrays are also directly
additive. The program can, therefore, be easily applied to geographic
regions of any size.
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One of the operations of the program is to apply the optimization
process to one element at a time. A typical situation is shown on
Figure 30. The position of three shelters on a cost versus survivors
added plane are shown. It is clearly proper to initially assign Type 1
shelters to this location since the slope of the line (ICE) corresponding
to assigning shelters to this location is the least possible. The program
would next consider whether to convert the Type 1 shelters to Type 2

or Type 3. Both possibilities improve the effectiveness of the system
at an increase in total system cost. The slope of the lines connecting
the Type I point with the other points are the CICE levels associated
with thcse conversio-. In the example, the optimal assignment se-
quence is to convert directly from Type I to Type 3 countermeasure
types. Type 2 shelters, although in the proper order with respect to
both cost and survivors added, do not appear in the optimal assignment
sequence for this element. It may, however, appear in the optimal
assignment sequence at another location where the threat is different.

3

2

o 7
U

Survivors Added

FIGURE 30 EXAMPLE SHELTER ASSIGNMENT ALGORITHM
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Another operation of the program is to apply the optimization
algorithm by merging the optimal assignment sequences for the
individual elements to obtain .the optimal sequence for the entire array.

Figure 31 illustrates the procedure of merging two, two stage sequences
by increasing CICE. This simple illustration also illustrates the fallacy
of local countermeasure system optimization. Given a level of effort
indicated by the arrow, one might ask whether the money would be best
spent protecting Region 1, Region 2, or both. Providing optimal pro-
tection for Region 2 would result in more expected survivors added than

would expending the money in Region 1. The optimal division of funds
between the two regions results in the greatest system effectiveness at
this cost level. This would indicate that Civil Defense planning should
be accomplished at the highest level if the total number of cxpccted
survivors acted for the totai system cost is the only factor to be con-
sidered.

Optimal
Combination

/I
n/

0 ,/Region

RegionI

Survivors Added I

FIGURE 31 OPTIMAL COMPOSITE COST EFFECTIVENESS
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Civil Defense decision makers would reasonably be interested in
total system cost, total expected survivors added and many other factors.
To the Civil Defense analyst taking the point of view herein described,
the ICE/CICE level is the important parameter. Cost and survivors
added are considered to be functions of the ICE/CICE parameter. The
program could, for example, be used to develop the optimal cost versus
effectiveness curves for two geographic areas. One might be tempted
to say that the areas deserve the same total expenditure, or possibly
the same expenditure per person, and develop the composite curve on
this basis. These procedures would sacrifice expected survivors added.
Shelter assignments grids, however, remain optimal if arrays generated
at the same ICE/CICE level are pasted together. The composite costs
and survivors added for the composite array are found by adding the
values printed on the individual grids.
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ACTIVE-PASSIVE DEFENSE

INTRODUCTION

It would seem reasonable that a Civil Defense countermeasure
system optimizing procedure should take the possible existence of an
active defense system into account. While this subject has not been
seriously considered during the Soft Target Study, one start which has
been made is a program which indicates the trade off between shelter
hardness, active defense system area of coverage, maximum acceptable
target value loss per missile, and intercept altitude for some stated
threat and target value distribution. It is emphasized that acceptable
target value loss is not here taken to be a value to be set by the analyst.
It is rather a convenient independent variable not unlike ICE/CICE in
other programs. This program has been coded for the Hughes H-330
computer. The procedure is to first make runs using the Damage
Assessment program previously described is a function of weapon lethal
radius. The results are then tabulated and used as input to the new
program.
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ANALYSIS PROCEDURE

Figure 32 is a cut-through of a damage assessment matrix of a

type shown previously. The curve indicates the casualties to be expected
from the stated weapon, detonating at optimum altitude, if the weapon is
permitted to descend to its optimum burst altitude. A maximum accept-
able loss level is also shown. The problem is how best to reduce the
curve to the maximum acceptable level.

I
_ L I

IM 2N) 400 Kft

NO DINEN -
1-5

FIGURE 32 KILL PER WEAPON (NO DEFENSE)
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It seems possible that the optimum defense system would consist
of active and passive defense systems which would have different character-
istics at each point. To avoid this complication, and perhaps to be practi-
cally realistic, the program considers only one shelter hardness at a time
and provides everyone in the area with a shelter of this type. It is
appreciated that everyone in the region should be provided with some form
of passive defense to prevent an enemy from detonating a fallout pro-
ducing surface burst upwind of the area, out of reach of the active defense
system. Figure 33 illustrates the situation if everyone is protected by
shelters of the stated hardness. It is noted that over some regions the
expected target kill still exceeds the maximum acceptable level. The
program now provides active defense for these intervals and these
intervals only. It is clear that the size of these intervals, which corre-
spond to areas in the computer program, are independent of the active
defense system minimum intercept altitude.

70

SPr'ot tc- on Prot c t toot

2Re. -- d I
OL ____ . ....

11 RX 2010 300 400 Kt
P(WUtLATION SHELTERED

FIGURE 33 KILL PER WEAPON (PASSIVE DEFENSE)
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The program now raises the minimum intercept altitude over the

region requiring active defense from the optimum burst altitude to the

burst altitude at which the expected target kill for the most critical

element is reduced to the maximum acceptable level. The result is

shown on Figure 34. The expected target kill value has been reduced to
at least the maximum acceptable level everywhere. There are no
attractive aimpoints and an effective attack would presumably be too

expensive for an enemy to ccnsider.

100 N) 400 Kff

SHFELTRP.M; PLUS ACTIVF. DFrN SF.

FIGURE 34 KILL PER WEAPON (ACTIVE AND PASSIVE)

In order to devise an optimum system in this way it would be
necessary to repeat the analysis for a range of acceptable kill levels
and shelter hardnesses. A cost analysis would then be performed to
determine the cost of the minimum cost system as a function acceptable
kill level. To provide this data the computer program prints a table
of pairs of values of area of active defense coverage and the correspond-
ing minimum intercept altitude as a function of shelter hardness and
acceptable kill level. A separate page is required for each combination
of area of aiterest and weapon yield of interest.

Three of a series of damage assessment runs which were made
to obtain input data for the program are shown on Figures 35-37. An

example trade-off table for a particular weapon yield is shown on
Figure 38.
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ACTIVE DEFENSE SYSTEM ANALYSIS

INTRODUCTION

The output of the Active-Passive Defense System program may
be used to estimate the cost of an optimal system if the appropriate
active and passive defense system costs are known. The cost of
shelters has been considered by many Civil Defense investigators and
is discussed in the Soft Target Study Second Quarterly Report.
Active defense system costs have not been considered in the Soft Target,
Study since the existence of a possible active defense system has not
been assumed. From a Systems Analysis point of view, the interesting
problem is the computation of area of coverage and intercept altitude
for a particular set of defense system components. For completeness
in this summary discussion, two computer programs which perform
these calculations will be briefly described.

DEFENSE SYSTEM MODEL I

The first program written was a three-dimensional geometry, I
timing and rate of fire model called Ballistic Missile Defense System
Model I. The simulated system consisted of deployed sensor functions,
called target acquisition radar, target evaluation radar, target tracking i
radar and missile tracking radar, and any number of deployed missile
launch sites. The threat consisted of clouds of discrete objects. Each
cloud could have any number of objects and any launch time. Each radt, -

was characterized by such parameters as range, scan limits, location,
required target tracking time, number of channels and whether it was
subject to beam broadening with increasing scan angle. The intercepter
missiles were of the command, command plus semi-active terminal
homing or command plus active or passive terminal homing types.
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In order to obtain performance data for many impact points

during a single computer run, a program called a two dimensional,

coverage diagram generator was written. This program used Model I

as a subroutine to compute the area which could be defended by the

defense system. A coverage diagram, labeled "Impact", is shown on

Figure 39. The active defense system for this run consisted of a multi-

function, single-array radar and colocated missile launcher. The threat

missile position at significant event times for the impact points on the

periphery of the coverage diagram and the threat trajectory for one

impact point are also shown.

400-
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FIGURE 39 THREAT MISSILE POSITION AT SIGNIFICANT EVENT TIMES
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The coverage diagrams were computed for a single threat missile
azimuth of approach angle. The effect of this angle is shown on Figure 40.
The defense system for this example consists of a multifunction, single-
array radar and five deployed launch sites.
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The use of the coverage diagram concept to study the effect of
radar-launcher deployment is shown on Figure 41.

DIRECTION OF ATTACK 130

RADAR AZIMUTH SCAN 120-

E E - 110

0 100

C D / 90 f
B 5

40

ARRAY -, 30

LAUNCHER. REAR BOUNDARY

UCOVERA O B0N
0

650 40 30 20 10 0 10 20 30 40 50 60f

DISTNCESEPARATION BETWEEN
CURVE LAUNCHER UNIT AND RADAR

A 9.3
B 18.5
C 37
D 55.5
E 74

FIGURE 41 COVERAGE DIAGRAMS FOR VARIOUS LAUNCHER RADAR

DEPLOYMENTS
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An example of the effect of jamming on the defense system I
coverage diagram is given on Figure 42. in Model I, the effect is con-
sidered due to a degradation in radar range. The reduced range is a
program input.

DIRECTION OF ATTACK
NO JAMMING

~AZIMUTH

~JAMMING 100 ..

HEAVY JAMMING 90 1.

SLAUNCE 70
UNIT

37 5DISTANCE

540
-- €ARRAY 4

RADAR -3 :

20

50 40 30 20 10 0 10 20 30 40 50 'i
S DISTANCE

FIGURE 42 COVERAGE DIAGRAM IN A JAMMING ENVIRONMENT
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DEFENSE SYSTEM MODEL II

Model I has many applications in the analysis and design of active
defense systems. It is unsuitable for detailed calculations however. To
provide a capability of studying detailed design problems another defense
system model, called Model II, has been written. This program includes
a pulse-by-pulse simulation of the system array radar.

MODEL II COVERAGE DIAGRAM GENERATOR

The Model I coverage diagram generator was only three dimensional
in the sense that the highest altitudes of intercept for the peripheral impact
point were included as a separate printout table. A three-dimensional
coverage diagram generator which uses the geometry mode of the Model II
radar sub-model has been programmed. It is more accurate for a fixed
running time, runs faster for a given accuracy, handles a greater variety
of threat object trajectories, and has a more useful output format since
it indicates the intercept altitude everywhere in the region of coverage.
The region of coverage is indicated by a field of printout characters each
of which represents a small interval of intercept altitudes. An example
coverage diagram of this kind is shown on Figure 43.

COVERAGE DIAGRAM APPLICATION

The Active-Passive Defense System program which has been
described considers the capability of an active defense system to be
completely defined by area of coverage and intercept -'titude. The
example active defense system results which have bc-_a presented
indicate the problem is more complicated than this. The area of
coverage may not correspond to the areas computed by the active-
passive program. It would not, in general, be possible to provide
active defense system coverage over the desired area without over-
lapping the coverage of adjacent systems and overlapping the regions
over which coverage is not required for a given acceptable loss level.
Maximum intercept altitude is not constant over the coverage diagram.
Both area of coverage and intercept altitude may depend on the threat
missile trajectory.

The programs would be used by computing coverage diagrams
for representative threat trajectories and approach angles. A composite
coverage diagram indicating the minimum active defense system capa-
bility against these possible threats would then be constructed. The
area and the lowest of the highest intercept altitudes in the diagram
could be used with the Active-Passive Defense System program data to
obtain preliminary estimates of the active-passive cost trade-off. More
realistic costs can be determined by superimposing the composite
coverage diagram on Damage Assessment maps of the type shown on
Figures 35, 36, and 37.
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WEAPON DETONATION POINT LOCATION SYSTEM

ACCURACY

INTRODUCTION

It is important, given that an attack occurs, that local Civil
Defense leaders be aware of the yield altitude and GZ of weapons
detonating in the vicinity, since prompt action during the minutes and
hours following the attack can significantly decrease the effectiveness
of the attack. If these quantities are known, the procedures which have
been described may be used to perform damage assessments and to
determine appropriate counteraction. Many of the uncertainties present
in Building System studies no longer apply. There may, however, be
inaccuracies in the weapon detonation point location system. The
analysis procedures would be used by substituting the measured GZ
coordinates for the estimated aimpoints used for planning studies.- The
accuracy of the detonation detection system would be used in the same
way as weapon delivery system CEP is used during studies performed
before the attack.

i
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ERROR MAP GENERATOR

The accuracy of a weapon detonation point detection system may
depend strongly on the geometry of the burst point relative to the deployed
detection sites. The mathematics of several detection schemes have

been programmed. Checkout results are shown on Figures 44, 45, and
46.

Figure 44 indicates the accuracy obtainable with two detection
stations deployed on the oceans on either side of the United States as a
function of weapon impact point. The detectors may be considered to
be direction finders. The detonation points are computed by triangulat-
ing between the detection sites. The angular accuracy of these direction
finders does not depend on the angle, but the CEP of the system depends
on range and the angle between the intersecting LOP' s.

The meaning of the map is indicated by the following:

Symbol CEP

0 negligible
A very small
B small
C medium
D large
E very large

The symbol "E" on Figure 44 is used in a band along the great
circle connecting the two detection sites. Triangulation between two
stations can not be used for impact points on or near the line of sight

between the detectors because the LOP's are essentially parallel. The
symbol 'D" corresponds to an interval of large CEP's (but smaller
than the "E" interval). It appears in two bands on either side of the
great circle.

The symbols "A" and "0" normally only appear very near a detection

site. The inputs used to generate the Figure 44 map specified that compu-
tations were not to be made for water map points since this would destroy
shape of the land masses. The CEP of both land and water detonation
points may be computed, but then it is necessary to determine the location
of any symbol by referring to the latitude and longitude scales. Since the
detectors were placed on the ocean for this run, no "A"s or "O"s appear.
The symbol "B" occurs over land areas which are reasonably near one of
the detectors or the other but not near the great circle connecting them.
The symbol "C", corresponding to an interval of medium CEP's, appears
over a large portion of the map.
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Figure 45 applies to the same deployment of two direction finders
but the characteristics of the direction finders have been changed to
make the angular accuracy a function of the angle. The orientation of
the sites is east or west, whichever is toward the center of the map.
The angular error of the direction finders approaches infinity as the
angle approaches 90 degrees from the direction finder axis. While this
change reduced the area occupied by the symbol "B" somewhat, it did
not change the situation near the great circle connecting the detectors
or over the major part of the country significantly. The change is most
apparent on the corners of the map within the latitude and longitude
limits for which the computations were made. Since these detonation
points involve angles from one or the other detector which are essentially
90 degrees from the axis, the system CEP is very poor.

II
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Figure 46 is a CEP map for three direction finders deployed
approximately in an equilateral triangle with a base line of 2 map
elements. This results in the 6 lobed diagram shown. Each of the
three major lobes are along the normal bisector of a base line in the
direction of the third det.,ctor.

1-68



sAWi., I

..........

..... ......

... ... _ _ _ _ __ _ _ _ _ _ _ __ _ _ _ _ _ _ .. .......

3 a...l.M..... * 3 a..SAA..... ..Ua .. 4 a..

-1-6



El

4
I

0(1) Sft iaPgrf .Sts'4

I
I
i

1~

I
$

* S

t
'1

I
I

I
I
iI

I
1-70 1



Saoiov 2

SECTION 11
DETAILED PROGRAM DESCRIPTION-

DYNAMIC CIVIL DEFENSE COUNTERMEASURE

SYSTEM ANALYZER

INTRODUCTION

This section describes a computer program for analyzing civil

defense countermeasures systems. The program, called the "Dynamic

Civil Defense Countermeasure System Analyzer", is sufficiently general

to permit analysis of a wide variety of threat/population/countermeasure
situations.

The program accepts specific threat information and detailed des -
cription of the target area population and countermeasures system and
presents a comprehensive, readable printout of what happens. Not only
is the effectiveness of the entire system displayed, but detailed analysis
of each countermeasure unit is printed to Phow the effectiveness of that
unit and to help identify inadequacies or reasons for lack of effectiveness.

The program description is divided into three major areas for pres-
entation in this report:

* Weapon Effects Submodels - Methods for determining the
probability of kill from blast/thermal effects and from radia-
tion from single and multiple bombs are described

* A computer program utilizing these submodels to determine
various aspects of effectiveness of a given Civil Defense

Countermeasures System is described.

* Actual population distribution and countermeasures system
data for the pilot city was assembled and used in the program
to demonstrate the capabilities of the analysis program.
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It should be understood that it is not the intention of Section II to pre-

sent an evaluation of the effectiveness or worth of the Civil Defense programs

of the pilot city area or to make recommendations regarding improvements

or additions to the present system.
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WEAPON EFFECTS SUBMODELS

BLAST AND SHOCK

The peak overpressure at any ground range from ground zero can be

obtained providing the altitude of burst, bomb yield, terrain, and climato-
logical conditions are known. For the purposes of this study, the datr,
from pages 137 and 139 of Reference 4* were used. These data are based
on near ideal terrain conditions in a standard sea-level atmosphere. It
did not appear that the data could be approximated by simple functions
and so a tabular representation of height of burst versus range andover-
pressure was decided upon for the computer input. The data are presented
in tabular form in Table I for a 1-kiloton burst. Height of burst and range
scaling are as the cube root of the yield in kilotons.

To determine the peak overpressure at a specified horizontal
range given the height of burst and bomb yield, the desired overpressure
may be found by entering Table I at the scaled height of burst and finding
the scaled range. Linear interpolation is used. For example, suppose
the peak overpressure at 5000 feet from ground zero for a 1-megaton
burst at 12, 000 fee is desired. The scaled height of burst is
12,000 - (1009)1 3 = 1200 feet. The scaled ground range is
5, 000 - (1000) 3= 500 feet. Entering the table at 1200 feet altitude,
the peak overpressure corresponding to 500 feet range is between 10 and
8 psi. Linear interpolation gives about 9 psi. Double interpolation
would be required if exact values of both height of burst and range are

not in the figure.

Table I can also be used to determine the ground range (radius)
to which a given peak overpressure extends when the height of burst and
yield are known. Personnel at that ground range will experience the
biological consequences of the overpressure expected there.

* (Ref. 4) Glasstone, Samuel, "The Effects of Nuclear Weapons",
United States Atomic Energy Commission, April, 1962
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PEAK OVERPRESSURE (PSI)

200 100 50 30 20 15 10 8 6 4 2

0 .250 325 460 580 710 820 1025 1125 1350 1625 2500

200 260 360 475 600 750 875 1115 1225 1475 1875 2875

400 270 525 625 810 1000 1225 1340 1620 2060 3250

600 215 525 940 1180 1400 1500 1750 2250 3560

800 450 670 1440 1675 1950 2450 3875

0 1000 290 760 1025 1990 2560 4100

1200 310 680 1125 2450 4125

: 1400 200 850 1560 3875

1600 375 1300 2950

1800 1000 2750

2000 550 2560

TABLE I DISTANCE FROM GROUND ZERO (FEET) FOR 1 KT

Blast and shock casualties and fatalities are caused by direct and
indirect consequences of the blast wave. The direct type of injury is due
to exposure of the body to the pressure variations accompanying the wave
and the indirect types are due to impact of flying debris on the body or
displacement of the body as a whole. Although both peak overpressure
and dynamic pressure contribute to casualties and fatalities, it is
assumed that the biological effects of the blast phenomenon can be related
to the peak overpressure experienced. The fatalities due to blast at
some location from ground zero will be dependent on many factors such
as terrain, weather, types of structures in the vicinity and time of day.
The human body can withstand peak overpressures in the open of about
45 to 55 psi with a probability of fatality of about 50 percent. * At about
6 to 8 psi overpressure, most buildings except earthquake resistant and
other specially built buildings will experience moderate to severe damage
and flying glass and masonry missiles will be a source of injury and
death. Thus, small peak.overpressures may give rise to high proba-
bility of fatality in non-open areas due to structure collapse and flying
debris.

• Glasstone, op. cit.
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I

THERMAL RADIATION.

The thermal radiation at any slant range from an air burst was
obtained from page 365 of Reference 4" for a 50-mile visibility environ-
ment. The graphical data presented is nearly linear when the logarithm
of the radiant exposure is plotted against the logarithm of the slant range.
A least-squares linear fit to the data was determined.

The thermal radiation expected at a given slant range from an
air burst in a 50-mile visibility environment is given by Equation 1.

2 -2.072 6Q(cal/cm 2 ) = 4. 42 D x 10 W Equation (1)

where
D = slant range (yards)
W = yield (kilotons)

0.4
An air burst is defined to be one which occurs at or above 180 W feet
above the surface, where W is the yield in kilotons. The thermal radia-
tion of a s face burst may be expected to be about 2/3 of that from an
air burst. M By considering the thermal radiation to increase linearly
with altiLude, the effect of height of burst on the thermal radiation
received is shown in Equation 2.

Q(cal/cm ) = 4.42kD- 2 072 x 106 W Equation (2)

where
D = slant range (yards)
W = yield (kilotons)

Glasstone, op. cit.
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180 W 4

H <180 W0 4

H = height of burst (feet)

Thus, for a given height of burst and yield, the slant range (and conse-
quently the ground range) can be obtained for any desired thermal
radiation intensity.

The thermal radiation at any location and the resulting injuries
and fatalities depend on many uncertainties which include meteorological
factors such as wind velocity, relative humidity and visibility; fuel

characteristics such as types of combustible materials, their surface
density and moisture content; number, type and separation of structures;
etc. The effects of thermal radiation on personnel can be divided into
two classes, primary and secondary. The primary effects are flash
burns and temporary and permanent eye damage. The secondary effects
are flame burns as a consequence of conflagrations, burning structures,
etc. Any type of opaque material interposed between the burst and the
observer will attenuate nearly all of the thermal radiation, hence, any
type of cover would protect personnel from primary thermal effects.

The thermal radiation required to produce second degree burns
to bare skin is yield dependent and is about 8 calories/cm 2 for megaton
range bursts while 9 to 11 cals/cm 2 are required to produce third degree
burns to bare skin for similar yields. The consequences of the primary
effects depend on the severity and area of the burn which is a function of
shielding by both structures and clothing. Exter'or ignitable materials
such as newspapers, ignite at about 3-8 cal/cm2 , while other household
materials will ignite at about 15 to 25 cal/cm 2 for megaton range yields.

2-6
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CALCULATIONS OF PROBABILITY OF FATALITY FROM BLAST/
THERMAL EFFECTS

A number of bomb damage _nctio- I
in the Soft Target Study which relate the probability of target kill with
separation distance between the impact point and the target. The RAND-
Von Neumann function-was selected over the "Cookie Cutter" and the
"Two Radius" bomb damage functions for use in the study because it
realistically relates probability of kill with miss distance and because
the probability of kill of targets displaced from the aim point for the
RAND-Von Newmann function can be calculated quite easily. The con-
ditional probability of kill given a separation, r, between the target and
the impact point, 1

-r

CP(r) - e R

where R is a bomb constant which is a function of the weapon yield and
target hardness and mathematically represents the 37 percent probability
of kill radius. The 50 percent probability of kill radii, which are common
in the literature and which are used in this study, can be converted to
the 37 percent level by dividing by 0. 83. The conditioal probability of
kill given by

r2

R2

eRje

allows for certain kill only when the bomb impacts on the target, and
gives some probability of survival to targets when impact points are not
on the target, no matter how close.
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Tile probability of killing a target at a separation d from the
aim point is given by

( 2  \
P R2  2 2

= 2 2 e( Equation (3)
2or +R

where
PK- probability of kill of target

P = reliability-survivability multiplier for the bombS
a = aiming error (assumed equal) in the x and y direction

(approximately 85 percent of the CEP)

d = distance of the target from the aim point

R 37 percent probability of kill radius,

Equation (3) above is used to determine the probability of
fatality from blast and thermal effects when aiming errors are present.
Given a peak overpressure value corresponding to 50 percent proba-

bility of kill, the height of burst, and the bomb yield, the peak over-
pressure table (Table 1) is used to determine the required ground range
(50 percent probability of kill radius). The 50 percent radius is con-
verted to the 37 percent probability of kill radius by dividing by 0.83.
This determines R in Equation (3). Then for a given aim point, P a,
d, and R, the probability of kill by blast can be obtained.

Similarly, given a value of thermal radiation representative of
50 percent lethality, Equation (2) is used with the desired height of burst
and bomb yield to determine the required slant range. By using the slant
range and height of burst, the ground range (50 percent probability of
kill radius) can be determined. The 50 percent radius is converted to
the 37 percent probability of kill radius by dividing by 0. 83 This
determines an R for Equation (3) which can be used with the inputs of
aim point, P S a, and d, to determine the probability of kill by thermal
radiation.

Since the interaction of the blast and thermal effects on personnel -.
is not well defined, it was decided to use a single radius within which the
probability of kill from either blast or thermal or both can be represented
The radius is obtained by determining the 37 percent radii for blast effects
and also for thermal effects, and choosing the larger of the two radii for
use in Equation (3) to compute the probability of kill from blast/thermal
effects. For personnel in designated shelters, the thermal kill radius
is taken to be zero, and the blast radius is used to compute probability
of kill from blast/thermal effects. For unsheltered personnel, generally
the thermal radius will be the largest of the two and is used in the compu-
tations.

2-8
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For application in the Soft Target Study, the lethal median peak
overpressure for unsheltered personnel was assumed to be 5 psi. Un-
sheltered personnel in this case are defined to be those persons who are
not in a specifically designed and designated shelter. Those persons in
residences and buildings not designated as shelters are assumed to be
unsheltered and if exposed to 5 psi peak overpressure, will have a
probability of survival of 50 percent. For personnel in designated
shelters, the shelter hardness is considered to be the overpressure of
interest. Shelters designated as a certain psi shelter could probably
take several times the design overpressure and still remain intact,
conversely, the shelters might take less than the design hardness and
fail. In the absence of data relating shelter hardness to probability of
shelter survival, the assumption is made that if a shelter designated by
an overpressure receives that overpressure, its probability of survival
is 50 percent. The probability of survival of personnel in a designated
shelter is taken to be the shelter survival probability. For example,
personnel in a 40 psi shelter have a probability of survival of 50 percent
if the shelter experiences 40 psi while personnel not in designated
shelters have a probability of survival of 50 percent if exposed to 5 psi
peak overpressure.

Due to the extreme uncertainties and difficulties in assessing the
damage from primary and secondary thermal effects, an average value
of 25 cal/cm 2 was used as the median lethal dose for application in the
Soft Target Study. It was assumed that at the time of burst, those per-
sonnel not in designated shelters at any grid element receiving 25 cal/cm2 ,
would have a probability of 50 percent of surviving the primary and
secondary effects of thermal radiation. Personnel who are in designated
shelters at the time of burst would have a 100 percent probability of
surviving both primary and secondary thermal effects. When multiple
bombs are employed, the probability of kill from blast/thermal is com-
puted separately for each bomb. The probability of surviving blast/
thermal effects for all bombs will be the product of the probabilities of
surviving the blast/thermal for each bomb.
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INITIAL NUCLEAR RADIATION

The prompt nuclear radiation effects were considered to be those
caused by gamma rays and neutrons. The gamma radiation dose in
roentgens as a function of slant range from a 1 kiloton air burst at 0. 9
sea-level air density is given on page 409 of Reference 4* as

I (roentgens)= 3.2x 10 -D/360 Equation (4)
02

where
D = slant range (yards)

The scaling factor for yields other than 1 kiloton is given graphi-
cally as a function of yield in Reference 4. * The curve which is plotted
on log log paper was approximated by a linear function over three
different yield (KT) ranges, 1 W 5. 20; 20 : W : 100; 100 < W 5 5000.
The linear functions were determined by taking the scaling factor values
at the end points of the intervals and passing the line through these points.
Using this method, the initial gamma radiation can be expressed as a
function of slant range and yield by

3.2 x 109 W1 -D/360 E o
1 (roentgens) 2 Equation (5)

___ ___ ___ __ ___ ___ _

* Glasstone, op. cit.
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where
D slant iange (yards) and

W I <W 20 (KT)
1. 163

W =0.614W 20 < 00 (KT)
1.214

0.485 W 100 < W, 5000 (KT)

Equation (5) is applicable at ranges over 1200 yards.

The integrated neutron flux in neutrons per square centimeters
as a function of slant range from a 1 kiloton air burst for 0. 9 sea-level
air density is given on page 411 of Reference 4. * Assuming the integrated
flux is directly proportional to the yield, the integrated neutron flux can
be expressed as a function of slant range and yield by Equation (6):

18
N (neutrons/cm 2) -- 8.6x 1018w e-D/210...0 D2

Equation (6)

where
D - slant range (yards)

W = yield (KT)

This equation is applicable for ranges in excess of about 500 yards.

The absorbed neutron dose in rads can be obtained by multiplying
Equation (6) by 1. 8 x 10 ' since an integrated flux of I neptron per square
centimeter is equivalent to an absorbed dose of 1. 8 x 10' rad. This
substitution yields

N0 = 8.6x 101 8 W -D/210 9

N '6e xl1.8xl10- rads0 D 2

or N =155x 109W -D/210
or N0 = D2 e rads ..... Equation (7)

Since the relative biological effectiveness of gamma rays is unity by
definition and is taken to be 1. 0 for nuclear weapon neutrons (Reference
4*, page 579), Equations (5) and (7) above can be considered to give the
gamma and neutron radiation in the biological effect dose units of reins.

* Glasstone, op. cit.
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As an example of the use of the equations, the gamma radiation

dose and the neutron dose at a slant range of 13, 000 feet from a I mega-

ton air burst will be found.

Substituting the slant range and appropriate W' in Equation (5),

0 130002

.2 roentgens

Substituting the slant r~ange and yield in Equation (6),
13000

18 3 3 /210
N0 8.6 x10 xl10 3

130002

5 x 105neutrons per square centimeter.

or by multiplying the above result by 1. 8 x 10 9

No  9 x 10 -4 rads

The initial nuclear radiation dose can be obtained by combining
the dose in rems from gamma rays and neutrons from an air burst which
were given previously and correcting the equation for height of burst.
By consd ring an air burst to occur at altitudes equal to and greater than
180 W . feet, and assuming the initial radiation from a surface burst

to be 2/3 that from an air burst at the same slant range*, Equation (8)
gives the expected initial radiation dose in reins as a function of slant
range.

Rinitial 10k 3.2 W eD/ 3 6 0 + 15.5 W e D/21 Equation (8)

D

where

= initial nuclear radiation dose (rems)

initial

D slant range (yards)

WX yield (kilotons)

* Glasstone, op. cit.

2-13



W)l Sof0 t o SA

W'= W I1< W 20

0.614 W 1.1320 < W 100

W.I425 4  100 < W 5000

0O.005 W1.740 5000 <W w 10,000

k=O6 0. 33H 0 ~H < 180 W04

H- height of burst (feet)

From Equation (8), given the height of burst and the yield, the
slant range (or consequently the ground range) for any desired initial
nuclear dose can be calculated.
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FALLOUT DEPOSITION AND DECOY MODEL

Several fallout deposition models were studied in an attempt to
find a suitable model which could be incorporated in the Soft Target
Study Civil Defense countermeasure systems analysis programs. At
one time the NRDL model (Ref. 5)* was considered most desirable and
the required flow diagrams were drawn., Additional study and coordination
with an expert in the field (Ref. 6)** indicated, however, that the
differences in the models studied were not due entirely to progress in
the state of the art but that fundamental differences exist in models
currently being used. Since there does not seem to be any reason to
believe that any one model will yield significantly better results than
any other, a simple composite model has been devised and programmed.
It has proven useful in learning how such models can be incorporated
into overall Civil Defense countermeasure systems analysis procedures.
The model can be replaced by a more elaborate program whenever such
a model is accepted and required to achieve a fallout prediction accuracy
comparable to the accuracies of the other submodels used by the pro-
cedures.

The following paragraphs describe the simple fallout deposition
model which has been programmed.

(Ref. 5) Anderson, A.D., "The NRDL Dynamic Model for Fallout
from Land Surface Nuclear Blasts", U.S. Naval Radiological Defense
Laboratory Technical Report USN RDL-TR-410, 5 April 1960.

** (Ref. 6) Miller, Carl, Office of Civil Defense, Personal Communi- I
catio-.
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Cloud Stabilization Time (Initial Conditions)

In the first version of the program, the weapon was considered
to detonate at the surface of the ground at zero time. At some later time
the top and bottom of the resultant cloud stabilize in altitude. For yields
greater than 100 kilotons this occurs at

= 510.3-33.9InWs

seconds where W is the weapon yield in kilotons (a model input). For
yields of 100 kilotons or less, altitude stabilization is considered to
occur at 360 seconds. Altitude stabilization occurs, therefore, earlier
for weapons of large yield than for weapons of 100 kilotons or less.

The cloud is assumed to be a right circular cylinder at the time I
of stabilization. The heights of the top and bottom of the cloud at altitude
stabilization in feet, are, respectively

1/4 1/2= 7501/4 1/2 and

ZB  =340 IN1 /4 t s1/

where t is the altitude stabilization time in seconds.

The radius of the cloud is considered to stabilize in 360 seconds
regardless of yield and is given by

R = 1085 t00.25W 0. t010.22
2 0

feet where t0 is the 360 second radial stabilization time. The numerical
integration of the deposited radioactivity is accomplished by dividing the
cylindrical cloud into N (a model input) equal disks. The radioactivity
associated with each of these disks is

6 x101 0 fWrN= rNR
rriN R2

where f is the efficiency of the weapon radiation production process and
R is the radius of the cloud in feet. The units are considered to be
curies per square foot per disk (the radioactive material surface density)
or roentgens per hour per disk (a radiation field strength unit) based on
the one hour after detonation amount. The altitude of the top and bottom
of the cloud, the radius of the cloud, the radioactivity of each disk and
the radial stabilization time (360 seconds) are considered to be the

2- 16
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initial conditions at the beginning of fallout. The particle size distri-
bution at this time is considered to be uniform throughout the cloud.
The turbulence and updrafts which have been supporting the fallout
particles now subside and each particle begins to fall through the airmass from its initial altitude at a speed which is a function of particle

size and instantaneous altitude. As the particles fall, the air mass 17
moves at a rate called wind velocity. Since the particles only move
downwind while falling, the downwind displacement of a particle from
its initial position is a function of fall time which is a function of particle
size and initial altitude. The fallout deposition computations are most
conveniently made using minutes as the time unit so that to, the time
fallout begins, occurs at 6 minutes.

The thickness of each cloud disk and the altitude of the midpoint
of the lower disk at to are, in feet:

Zr ZB_ and
N

ZB+ 2N

where , and are the altitudes of the top and bottom of the fallout
cloud at t

Fallout Deposition Computations

It is now necessary to set up some kind of bookkeeping scheme
in which the effect of the fallout disks on the resultant fallout patterns
can be recorded. The number of disks to be considered is the product
of N, the number of cloud attitude increments, and the number of particle
size classes~to be used. The particular computational device decided
upon is a time to fall versus radioactivity table. At one time it was
thought that a 61 entry table with a 1-minute time interval would be
sufficient. Local fallout would then be defined to be that fallout which
lands within an hour of t. It has since been discovered that, under
some conditions, an appreciable fraction of the total fallout is still air-
borne after an hour and that local wind velocities can be quite low. For
these reasons it has been decided to use a larger number of table entries
and to make the time interval between entires a model input. The radio-
activity level associated with each time entry of the table is initially set
to zero.

Other model inputs required for these computations relate to
particle sizes. The range of significant particle sizes is divided into
classes and the mid-size of each class is specified. The fraction oftotal radioactivity in each class is also given, The remaining inputs are

constants for each particle class to be used in the time to fall functions.

2-17
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Particle Descent Time

To determine the time required for a given particle size to
descend to the ground from any given altitude, the fall velocity of the
particle must be known. The fall velocity will be a function of particle
size, acceleration of gravity, particle density, air density and air
viscosity. Anderson (Reference 5*) and Kleinecke (Reference 7**) give
equations which express terminal velocity as a function of these parameters.

Kellogg, Rapp, and Greenfield (Reference 8***) present a graph-
ical relationship between terminal velocity and altitude as a function of
particle radius. ThT particles are assumed to be spherical and of
density 2. 5 gm cm- . The curves are nearly linear when the logarithm
of the velocity is plotted against the altitude. A linear approximation to
the curves was made by fitting two straight lines for each particle size,
one line representing- tie velocity as a function of altitudes up to 30,000
feet and the other representing velocity as a function of altitudes above
30,000 feet. The resulting equations are of the form

v = k ek2h

Table II gives the fit to the curves over the two altitude regions for the
particle sizes given in Reference 8. *** Extrapolation of the data was
performed to obtain a relationship for the 40 micron diameter (20 micron
radius).

The time required for the particle to descend from any given
altitude can be obtained by solving the differential equation

k hdh 2h
v = - k e

dt 1

The solution is given by

t = k 1 k 1 (1 -ek2h for h 30,000

where t is in seconds and h in feet.

For the case, h > 30,000, the differential equaticn becomes
dh k 4 h

V== k e

dt 3I
* Anderson, op. cit.

(Ref. 7) Kleinecke, D. C., "Deposit Location Predictions for a
Single Fallout Particle," University of California, IER, Civil
Defense Research Project, Series 2, Issue 35, 15 May 1961.
(Ref. 8) Kellogg, W.W., Rapp, R R., and Greenfield, S.M.,
"Close-In Fallout" Journal of Meteorology, Volume 14, No. 1,
February 1957.

2-18



Section 2

Velocity (feet/sec)
at altitude h

Particle
Diam eter
(Microns) 0 < h :5 30, 000 ft h > 30, 000 ft

36 x 10 -7 h36 x 10-h40 0.5 2 e3 6 ~ 0. 52 e

-7 x -7

120 2.3 e6 5~l x 0h 2 .4 e 5110 7h
-7 -7

160 3.4 e. 3 I 3. 8e 58x 10 h
-7 -7

200 4. 5 e9 6 l 4. 8 e7 2 l
-7 -7

300 7.0 e9 7 x 10 h 7.0 e 9 7x10 h
-7 -7

400 10.0Oel 6 Oh 10. 0elXI h

600 15.1 e 12 6 x 10-7 h 14.6 e 137 x10-7 h

80 20.0 e12 0h 1 7 . 7 e 152 x10 h

1000 25. 0e 122 x 10 -7 h 2 1 . 6 e170 x10-7ht

TABLE 11 TERMINAL VELOCITY OF FALLOUT PARTICLES

with the initial conditions

t k1
1 k -1 -k 2 (30,000)

2 (-

h= 30, 000

Solution of the differential equation is

3 3
-k2(31 10 4 1 -k 4 (30 x 10 )-k 4 h

for h> 30, 0004

where again, t is in seconds and h in feet.
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Particle ~Descent Time

Diameter inutes)
(Microns) 0.< h 30, 000 feet h > 30, 000 feet

40 8, 903(1 - e 3 6 x 10 7 h)+ 8,903(0.89763

80 2,173(1 - e - 5 9 x 10 -7h) 353+4252(0.91943 - e- 2 8 x 10 7h)

-7 -7
120 1, 111(1I e-6 5 x lO- 7 h) 197 +1,366(0.85813 - e " 5 i10 l-7)

160 527(1 - 9 3 x 10 h 128 + 758(0. 84030 - e - 5 8 x 10h

200 386(1 - e "96x10 7 h) 97 + 482(0. 80574 - e - 72 x 10 7h)

3245( x lO6 7h) -+245(0.74752-e-97 x' 7 h 

--

7

400 144(1 e-16 x 1 42 + 1 10.70610 -1e x

-7 x1-7
600 88(1 - e-126 x 10 7 h) 28- S7(C.66.99 - e-137 x 10-)

800 74(l - e-112 x 10-h) 21 + 62(0. b3381 - e-152 x 1-h)

1000 2 0h) 7lOh)1005501 -e - 12 2 x1 17 + 45(0. 60050 e e 17 0 x 10

TABLE III FALLOUT PARTICLE DESCENT TIME

Table III gives the descent time as a function of altitude for the

particle sizes of interest. To use the figure, select a particle size and
substitute the altitude of the particle into the appropriate equation which
will yield the required descent time in minutes. For example, if a 160micron particle falls from 20,000 feet, the requiredtime is

-9x10-7 (2 0318
527(1 - e 9 3  (20x103)) = 527 (1 - e .186) 89 minutes.

If the same particle fell from 50,000 feet, the descent time would be

-7 358 x 10-7(50 x 10)
128 + 758(0. 84030 - e

= 128+758(0.84030 -e 290

= 128 + 758(0. 84030 - 0. 74826)

. 198 minutes

Sample calcuLations were made for various particle sizes falling
from several altitudes. The results. compare favorably with the times
of fall versus altitude given in Glasstone, p. 496 (Reference 4).
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Particle Diameter Mid Point Fraction of Total(microns) (microns) Radioactivity

4 0 • 40 0. 3(07

6)- 100 80 0. 1168

100 - 140 120 0.0791

140 - 180 160 0, 0580

180 - 220 200 0 0447

220 - 380 300 0. 1101

380 - 420 400 0.0178

420 - 780 600 0 0918

780 - 820 800 0.0075

> 820 1000 0. 1135

TABLE IV FRACTION OF TOTAL RADIOACTIVITY
ASSOCIATED WITH PARTICLE SIZE CLASSES

Fraction of Total Activity

The fraction, F, of the total residual radioactivity associated
with each particle size class was obtained fromReferonce 5* and is
shown in Table IV. The fraction of the total activity is assumed to be

.hu!d 1 nr--"- with the diameter of t-. 7'ticle. u. and ven bv

02 [ -

F = exp (0dO-
Gfj2 J[ 2a2  j

where for the size class Ul to I
la ogu U - log k 2.053

02 2 logyP2  0.732

= log P

Anderson, ob. cit.
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Nevada soil kit a1Ire used for tllis Study, since the soil around the pilot
citv. is not expected to he markedly different than Nevada soil.

The class intervals were chosen so that the particl.e diameters
discussed previously would be midpoints of the particle size class
intervals. All particles less than 60 micron- in diameter and their
associated activity were placed in the 40-micron diameter class.. All
pa rticles greater than 820 microns in diameter and their. associated
activity were placed in the 1.000-micron diameter class.

The fraction of the total activity associated with the particle size
classes does not agree favorably with those presented in Reference 4,
p 496. The latter were also assumed to be log normally distributed,

however the mean and variance were not given.

The computer selects a particle size class and computes the
time to fall from the altitude of the midpoint of the lower cloud disk.
These computations are then repeated for each of the (N- 1) remaining
altitude intervals of the cloud. Another particle size class is then

taken and the cailculations continue until the time to fall has been com-
puted for each particle size class from each cloud altitude layer.

Each time a time-to-fall computation is made the fall time is
rounded to the closest time entry of the fall time versus radioactivity
table. The radioactivity associated with an altitude laver disk is then
multiplied by the fraction- of radioactivity in the current particle class
to obtain the radioactivity in a particle class subdisk of an initial cloud
altitude layer disk. This radioactivity increment is then added to the
radioactivity accumulator for the fall time entry computed. The number
of fall times considered is the product of the number of cloud altitude
disks and the number of particle size classes. The fallout deposition
records, which are the only records which must be retained, are the
records in the fall tinte versus r ioactivity table. These records are
essentially a function of weapon yield only and may be used to obtain
fallout patterns for any number of wind values.

Fallout Deposition Diagrams

Fallout deposition diagrams are printed in a matrix format not
unlike the large population matrices used in the civil defense counter-
measures analysis programs. The reason for this is not only that it
seums to be the best format producible by the printer but is also com -
patible with the analysis programs to which the L llout model hae been
added. A program input is the scale factor, which is the dimensions
of each square elment of the grid. Each such element is represented
on the output formats by a single character print space. The array, in
the checkout version of the program, consists of 57-by-:119 characters

* Glasstone, op. cit.
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since this format can he printed on a single output shet. Th detonation
point i at 29, 15 so that most of the patternshown occur!, to the right

(downwind) of the impact point. Since only the ave'-g , ". nd is usud,, all
fxitterns will be symmetrical about the i equals 29 r,.

Another input to the program is the number of fallout deposition
diagrams desired. Tne computer divides the total time interval in-
cluded in the fall time versus radioactivity table into this number of
intervals. The first deposition diagram applies to the time tn plus one
of these time increments. Only that portion of the fall time versus .
radioactivity table which occurs at or earlier than this time is used in
the construction of the first deposition diagram. The second deposition
diagram occurs at time t0 plus two time increments and a larger portion
of the fall time versus radioactivity table is used to compute the diagram.
The final diagram corresponds to the time of the last entry In tie fall
time versus radioactivity table and the entire table is used.

Since the radiation field in an output matrix element can only be
represented by a single character, other model inputs describe the
coding system which is to be used. Blank spaces, for example, could
be used to represent radiation field strengths less than the minimum
field of interest, A the interval of minimum fields of interest, B the
next and so on with a character, such as E, representing a!l field
strengths greater than the maximum field strength of interest.

While the procedure for computing deposition diagrams has been
programmed in a way to insure short computing times, it is essentially
as follows. The time to which the diagram appiies is determined and
the corresponding portion of the fall time versus radioactivity table is
found. An output matrix element is then selected. Each of the fall time
versus radioactivity records in the selected portion of the table is now
considered in turn. Each of these records corresponds to a radio-
activity disk on the ground. The position of the disk is found by dis-
placing the crter of the disk i. the x dir.. u. fron, Uic iljnpL&,- point
by the amount:

(t0 4 recGrd fall time)(wind velocity).

Tte routine now tests whether the center of the element is within a
cloud radius of the center of the disk If it is, the radioactivity indicated
in the current record is added to the value in an accumulator set up for
this element. The process is repeated for each record in the applicable
portion of the fall time versus radioactivity table.

The accumulated radioactivity value is given by its one hour
amount which must be corrected to the time of the output printout.
Thi.s i. acomplished by multiplying by the factor

to + print out time-1.2

600)
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The program now compares the corrected radioactivity value
with the input radiation levels and selects the proper character. The,
procedure is repeated for each element of the output matrix and the
matrix is printed. It is necessary to store the radiation values of the
final deposition diagram as these values are used in computing the
decay diagrams.

It is noted that the radiation field& shown on all of thc dtposition
diagrams are:the fields resulting from the fallout which has been deposited
on the ground up to the time of the printoi't. There may be a considerable
amount of radioactive materi'. in the air in the vicinity of the area in-
cluded in the output matrix and, while this radioactivity may be expected
to add to the fields resulting trom the deposited fallout, this contribution
to the total field is ignored during computation of the deposition diagrams.

Fallout Decay Diagrams

Fallout decay diagrams resemble deposition diagrams. They
are printed on similar formats and use the same output coding scheme.
They are 4-oncerned with decay only, however, since they occur after
fallout of all radioactive material of interest. Inputs controlling the
generation of decay diagrams are the number of decay diagrams desired
and the time increment between diagrams. Since the radiation fields
do not change as rapidly during the decay phase as during the deposition
phase, the time between decay diagrams would ordinarily be many hours,
perhaps days, while the time spacing between fallout deposition diagrams
would be measured in minutes.

Fallout decay diagrams are obtaincd by correcting the previous
fallout decay diagram values (or the final fallout deposition diagram

values) to time now using the relation

1.2

now previous tno

After the array has been corrected, the values are coded and printed
out in the same manner as for the fallout deposition diagrams. The
numerical values are retained for use in the computation of the next
decay diagram.

The residual nuclear radiation (fallout) used in the Dynamic
Analyzer is obtained from the fallout deposition and decay model
described above revised to correct for height of burst. The height
of burst at which eary local) fallout ceases to be a problem is
assumed to be 180 WU 4 feet. By assuming 1007 of the available

2
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reiidual nuclear radiation activity to be included in the fallout parti-
cls for a surface burst and Q0 of the activity included in the fallout
p,rticles for a burst at or above 180 W0 4 , and distributed linearly
bctween the two altitudes, the correction for height of burst can be
included by correcting the radioactivity associated with each disk In
the deposition model. The correction Is given by Equation (9).

106 x 10 fw
rN = 2 Equation (9)

TT NR 2

rN = radioactivity associated with each disk

f fraction of yield iue to fission

W = yield (kilotons)

N = number of disks

R = cloud radius (feet)

H 0 4
k H 0H.10A.0

180 W

0 H 180 W0 4

The total radiation dose received by personnel will be the sum
of tne doses received from initial radiation and from fallout. Exposure
to radiations such as X-rays, alpha and beta particles, gamma rays and
neutrons, which are capable of producing ionization, can cause injury
to living organisms. The consequences of the radiation will depend on
the absorbed dose, whether the dose was acute or absorbed over a
period of time, and on the region and extent of the exposed body. When
the dose is delivered over a large area over a long period of time, the
body is able to repair some of the biological damage caused by the radi-
ation and the effective biological dose, EBD,. from fallout is given by
Equation (10).*

t2

EBD= R1  f [t 1.2O+( - a)t 1.2e t 2 ) dt

TF Equation (10)F$
* (Ref. 9) Wegner, L. H. , "Some Extensions of the 'Random Bomb
Drops' Local Fallout Model of RM-1969", RAND Memorandum RM-
2973-PR, March 1962
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where

EBD = effective biological dose (rems)

R - dose rate at I hour (rem/hr)

TF - time at which fallout is down or entry into the fallout
area (hours)

t2  time of departure from the fallout area (hours)
a= irreparable body fraction

body repair rate (fraction per hour)

Due to the nature of tne fallout deposition model, personnel can be
exposed to radiation in several ways. They could be given a dose from
initial radiation, then be exposed to increasing radiation fields as the
various disks drop on them, then be in a decaying final fallout field after
the last disk of interest has landed at their location. By assuming the
irreparable fraction of the body, a, and the body repair rate, 0, to be
applicable for both initial and residual radiation, the total effective bio-
logical dose at any time t.. is given by Equation (I i).

tIt21

TEBD aD+(1 )De Dt+0 +R t l 2+(] a)t~l. 2 e +(t- t2)

TF

Equation (11)

where
TEBD = total e. . -- . ,)se (rems)

e = irreparable body fraction

D total dose received from initial radiation and from the
disks up until final disk of interest fals (reins)

- body repair rate (fraction per hour)

TF = time at which fallout is complete (hours)

t2  time of departure from fallout area (hours)

R =dose rate at I hour (rem/hour)
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Equation (1) was examined in an effort to determine the maximum
total effective biological dose analytically as a function of a, -, T F , and
t2 for use in the evaluation prograrn. However, considerable difficulty
was experi.-nced in determining the maximum of the f, nction. Since the
integral portion seems to take its maximum somewhere between 72 and
96 hours for an a of 20 percent and a.: of 10 percent per day, it has been
decided to evaluate Equation (10) for t = T F and also for t = 72 and take
the greater of the two values as the mixtmun biological doge.

The effect of shielding from nuclear radLtion can be readily
incorporated into the calculations. Protection factors are known for
various types of material interposed between personnel and the source
of radiation, and the amount of radiation transmitted through the shielding
is given by multiplying the unshielded dose rates and doses by
(Protection Factor) " 1. Protection factor as used in this report is defined
to be the ratio of the radiation without protection to the radiation with
protection. That is, if a shelter has a radiation protection factor of 10,
the ratio of the radiation field outside to the radiation field inside is 10,
or effectively the radiation inside is 1/10 of the radiation outside. For
example, personnel is a designated fallout shelter with a given protection
factor at the time of burst, receive a total effective biological dose, which

is (protection factor) as large as those who are unsheltered for the
same length of time at the same location. For personnel unsheltered at
the time of burst and who reach a shelter sometime later, either before,
during, or after fallout commences, only the radiation, received cduring
the time they were sheltered is adjusted for-the protection factor.

I
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CALCULATION OF PROBABILITY OF KILL FOR NUCLEAR RADIATION

The relationship between physical dose of ionizing radiation and
clinical effect is not completely known, and there is no complete agree-
ment concerning the effect associated with a specific dose or dose range.
Equation (12) below has been assumed to be the relationship between
effective biological dose and fatality for this study. If the median lethal
biological dose is a and the standard deviation is a, then the probabilityof fatality given exposure to an effective biological dose, EBD, is taken to be

(EBD ) x2 I

(1 2
P(K/EBD) - e dx Equation (12) 1

The median lethal biological dose depends on many factors including
health and age of exposed personnel. Generally, it has been conceded
that values of about 400-500 rem can be taken as the median lethal dose ( *

with a standard deviation of about 75- 125 rem. For this study, a median
lethal dose of 450 rem with a standard deviation of 75 rem was used. This
implies that personnel receiving an effective biological dose of 525 rem
have a 84 percent probability of fatality, and those receiving 675 rem have
a 99. 9 percent probability of fatality.

(Ref. 10) Congressional Hearings, Civil Defense - 1961,
U.S. Government Printing Office
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For radiation dose calculations, the bomb is assumed to detonate
at the input altitude above the aim point. The total radiation dose is
computed by using Equation (8) to obtain the initial radiation dose and the
Fallout Deposition Model to obtain the residual radiation dose rates for
inputs to Equation (11) to obtain the total effective biological dose. An
alpha of 10% and a beta of 0. 1% per thour are used in Equation (11). The
maximum total effective biological dose is determined by the method
described earlier and is used in Equation (12) to determine the proba-
bility of kill.

When multiple bombs are employed, the radiation effects are
assumed to be additive and the maximum total effective biological dose
from all bombs is used as input to Equation (12) to determine the proba-
bility of kill from radiation.
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DYNAMIC ANALYZER

COMPUTER PROGRAM FUNCTIONS

The weapons effects submodels and probability of kill equations and
a body of computer programs related to the areas of targeting, weapons
effects, and damage assessment which are discussed earlier in this re-
port, form the basis for this computer program. This program is gen-
eral in nature and provides for many input options to satisfy the require-
ments of a wide range of situations. Most of the parameters used can be
varied at will to adjust to progress in the state of the art and functions
internal to the program can be modified to accept improved methods.

The function of the Dynamic CD Countermeasures System Analyzer
Program is to calculate and compare the multiple effects survival proba-
bilities of the elements of a given population grid when they are subjected
to the blast, thermal and radiation effects of a number of nuclear bombs.
The comparison is performed between a system with no shelters available
to protect the various population elements and a system with a limited
number of shelters available for protection purposes. In general, the
operation of the program can be divided into four logical parts.

Part 1 deals with the inputting of control parameters and the
calculation of control data.

Part 2 deals with the calculation of survival probabilities in
an unsheltered system.

Part 3 deals with the assignment of the population grid elements
to specific shelters in a sheltered system, and finally,

Part 4 deals with the calculation of survival probabilities in a
sheltered system and with the comparison of results
between the two systems.
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Survival probability is defined as one minus the kill probability.

Part I may ,)e subdivided Into four logical segments.

'Segment 1 provides for the inputting of the population values in the

form of. a rectangular grid, :he grid scale value, the unsheltered radia-

tion protection factor, the unsheltered blast overpressure factor, the un-

sheltered thermal factor and the speed with which the population can move

from element to element within the gri.L The blast overpressure factor

is defined as that peak overpressure which determines a range within

which the blast survival probability is no more than fifty percent. The

thermal factor is defined as the number of calories per square centimeter

which determines a thermal survival probability of no more than fifty per-

cent.. The generation of the elements of: the population grid is described

earlier in this report. The program at present can handle a maximum

grid-size of 35(I) by 65(J).

Segment 2 controls the inputting of the bomb characteristics and the

calculation of time down tables for use in the fallout deposition process.
..For each bomb the values of aim point (i A , JA), yield, burst height, aim-

ing error, radiation conversion efficiency and the number of fallout cloud
altitude disks to be considered are input.. From these values the program

computes the radius of the fallout cloud, the total radiation in the cloud,
the minimum and maximum altitudes of the cloud and the time of stabiliza-
tion of the cloud.

In addition, the program calculates what is defined as the time down
table which consists of a series of two item entries where one is a one
hour radiation dose rate and the other is the time required for -that radia-
tion to reach the ground. Fall time is measured from burst time and all

bombs are assumed to detonate simultaneously. Burst time is an input
parameter and represents the difference in minutes between time zero and
the time of the blast. The deposition of fallout and the calculation of the

time down table (fall time versus radioactivity) have been described earlier.
Ten particle size classes are considered in the computations. However,
in this program the actual fall time as well as the radiation dose rate is
recorded. Thus, all of the radiation of a cloud is considered as possible
local fallout and may fall on any number of the grid elements in the de-
position process. The program has the capacity for a maximum of ten
bombs, each with a maximum of fifteen cloud altitude disks.

Segment 3 allows for the inputting of a wind velocity which controls
the rate and direction with which the various fillout clouds move across
the grid. The wind is given in the form of I and J components where a
positive I component indicates motion in the direction of decreasing i
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values and a positive j component indicates motion In the direction of
increasing j values.

Segment 4 processes the shelter information which, for each shelter,.
consists of the location (iS , Js)' the shelter's radiation protection factor
and the shelter's blast overpressure factor. The program can input and
'process a maximum of five hundred shelters but does not provide for
more than one shelter to be located at the same grid element.

Part 2 can be subdivided into two logical segments.

Segment 1 computes the blast/thermal survival probability of the un-
sheltered grid elements. The total blast/thermal survival probability of
a particular grid element is equal to the product of the probabilities of
,surviving each bomb at that grid element. For each bomb, the program
So m puteb:o-th- aWb 0%ou tiuand-a- therma -50%0-ground-radius-.----. - --

The thermal 500 ground radius is defined as:

22
RT(o) = 9D HB

where

HB = bomb burst height (feet)

D = slant range value (yards) from Equation (2) in which Q is the

unsheltered thermal factor.

The blast 50o ground radius is defined by a series of tables relating ad-
justed burst height to blast peak overpressure and is equal to R (see
Table 1). From these two values a combined radius can be defined as:

maximum RT(0rR B(50.

R A ~
0. 83f

To compute the blast/thermal survival probability of a particular grid
element for a particular bomb, the values of R, a (aiming error) and d

(distance of the grid element from the bomb aim point) are used in Equa-
tion (3).

Segment 2 deals with the computation of radiation survival probabil-
ities for the unsheltered grid elements. This calculation is accomplished
by first determining the total ,adiation dose and the totc.l one hour radia-
tion dose rate which occur at each grid element as a result of all fallout
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clouds. The computation of these values can be described using the
following definitions:

Consider a particular grid element (i, J), then the two times t1  and
t2 are defined as the local cloud times for the cloud from bomb i as it
passes over the grid element under consideration. These twi
the solution of the following quadratic equation:

(Vt+vi)t +2S [vIi-iA - VJiJt+SF2 [itA2.0.oj A)] =

Equation (13)

where

V I wind velocity component (ft/mn)

Vj = J wind velocity component (ft/min)

SF grid scale value (feet)

i, j = location of the grid element under consideration

iA = aim point of bomb m

RC = radius of the fallout cloud for bomb m (feet)

t= time (min.)

It can be shown that Equation (13) has three possible solutions:

1) the cloud is never over grid element i, J, thus

tI= t2 = 0

2) the cloud is always over grid element i, J, thus

tl=O ; t2 = 
I

and

3) the cloud is over grid element i, j between two discrete times
tI and t 2.

Using these two times and the time down table for bomb m, the one hour
radiation dose rate at any time t for element iJ may be determined as:
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minimum (t2m t)
rm(t)-  rTD

tim

where rT are the radiation values from the time down table whose corres-
ponding fall time entries satisfy the condition that, t m TD< minimim
(t 2 ,t). The total one hour radiation dose rate, HDR, from all bombs at
gril' element i,j is then defined as:

HDR(i, j) rl(t2 1 )+r 2(t 2 2 )+... +rm(t2m)... + rB(t2B)

The radiation dose rate for bomb m at time t is now defined as:

2

and the total for all bombs at time t is defined as:

Ft fi(t)+ f2 (t)+... + fm(t)+... + fB(t)

The total radiation dose, FD, at grid element I, j in the unsheltered system
is defined as:

where

T= nAT > TF = maximum (t2 1, t2 2 ' " t2 mP ... t2B)

T= time required for the population to move from one grid element to
an adjoining one (min)

D(i'j)= P +P 2 +'"Pm+"" +P

m prompt radiation from bomb m at grid element i, j as given by
Inquaao (3) (defined as Rinitia)

Using the values TF, R1 =HDR/(unsheltered radiation protection factor)
and D = FD/(uns heltered radiation protection factor) in Equations (Ii) and
(12), the unsheltered radiation survival probability for a particular grid
element can be calculated. The product of the unsheltered blast/thermal
survival probability and the unsheltered radiation survival probability be-
comes the total unsheltered survival probability.
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Part 3 determines the assignment of the elements of the population
grid to the various shelter locations. This assignment process implies
that at time zero the population will begin to move toward their designated
shelters in a sheltered system. The assignment is carried out with a min-
imum distance criterion.

Part 4 can be subdivided into four logical segments.

Segment 1 calculates the survival probabilities of the various shelters.
The computation of the blast survival probability for a particular shelter is
identical with that described earlier for the unsheltered system except that
only the blast 50%0 ground radius is used and it is determined using the
shelter's blast overpressure factor. Similarly, the calculation of the
sheltered radiation survival probability is performed as described for the
unsheltered system except that the values of RI and D are obtained by
dividing HDR and FD respectively by the shelter's radiation protection
factor and then using these with the value of TF in Ecuations (11) and (12).
The radiation survival pfobability of a particular shelter applies to the
people located inside that shelter and notto the structure itself.

Segment 2 deals with those population grid elements which reach their
designated shelters before the blast. Both their blast and radiation survival

probabilities are equal to those calculated for the shelter itself and the
product of the two becomes the total sheltered survival probability of these
grid elements.

Segment 3 computes the survival probabilities of those population grid
elements which have not reached their shelter locations at the time of the
blast. Thus, at the time of the blast, the population from grid element i, j
will be located at some new element ib, Jb" The determination of this grid
element location is made by assuming that the population will move in such
a way so as to traverse the entire 'I' distance and then the entire 'J' dis-
tance from their initial location to the location of their assigned shelter.
The unsheltered blast/thermal survival probability of the element ib, Jb
becomes the sheltered blast/thermal survival probability of the population
initially located at grid element i, J. The computation of sheltered radia-
tion survival probability is essentially the same as was described earlier
for the unsheltered system, with the exception that the total radiation dose
is divided into three portions; prompt radiation, radiation obtained before
and radiation obtained after reaching the shelter location. The radiation
dose obtained prior to reaching the shelter location can be defined as:

FAT +F2AT F2AT+F3AT FS +F S  AT

2
2 2 60
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where each Ft is evaluated at different grid elements as the population

moves toward their assigned shelter. FAT is the radiation dose rate at

the grid element immediately adjoining the element 'b' Jb andF isf the

radiation dose rate at the shelter location., S is defined as the arrival :

time which is the time required for the population from a particular grid

element to move to their assigned shelter and is equal to ATI(i-iS) + (j-j )I.
The radiation dose obtained after reaching the shelter location is definedas:

rFs+Fs+AT FS+AT +F 2 FT AT+ FT AT,

D3  t + +-

2 2 2 ]L;Oj

where each Ft is evaluated at the shelter location and T = nAT t the TF at
the shelter location. Thus, the total radiation dose for the grid element

i, J which is assigned to the shelter located at element i S, JS is defined As:

FD (i, J)= D1 (Ib b ) +D+ D3 (i, JS)

where D is the sum of the prompt radiations received at element ib' Jb"
In the caiculation of sheltered radiation survival probabilities, two situa-
tions are considered:

1. The shelter survived the blast and the radiation dose D was ob-
tained inside the shelter. The values used in Equations (11) and
(12) to compute the radiation survival probability then become TF

at element iS, JS, Ri HDR (at element is, Js)/(radiation protec -
tion factor of the shelter located at that element) and D - (DI + D
(unsheltered radiation protection factor) + D3 /(radiation protection
factor of the shelter).

2. The shelter was destroyed by the blast and the radiation dose D3

was obtained unsheltered. The values TF as defined for situation
1, R, = HDR (at the shelter location)/(unsheltered radiation pro-
tection factor) and D = FD (from Equation _(13))/(unsheltered radia-
tion protection factor) are used in Equations (11) and (12) to
compute the radiation survival probability for situation 2.

The total sheltered survival probability becomes the sum of the survival
probabilities in situations I and 2. The survival probability in situation I
is the product of the shelter's blast survival probability, the unsheltered
blast/thermal survival probability of grid element ib , Jb,. and the radiation
survival probability computed for situation 1. The survival probability in
situation 2 is the product of one minus the shelter's blast survival probabil-
ity, the unsheltered blast/thermal survival probability of grid element ib, Jb
and the radiation survival probability computed for situation 2.
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Segment 4 handles the comparison of results between the. unsheltered
system and the sheltered system. The classification of results for each

gri elmen ma beconeninty smmarized with the following definitions:

1In. the unsheltered system

survivtcs I= I SBUPSRUPOP.

casualties from blast/thermal (1 -PSIu)PSRUPOP

casualties from radiation =(1 PS RU)PSBUPOP

casualties from both blast and

radiation (I-PSBUX1-PSRU)POPI

2. In the sheltered system

a) arrivals before burst (arrival time s burst time)

survivors =PSsPSR5 POP

casualties from blast =(-PSs)PSRsPOPI

casualties from radiation (= (-PS RS)PS5 P

casualties from both blast and
radiation (1 -PS5 xI1-PSRS)POP

b) arrivals after burst (arrival time, > burst time)

Situation 1) -shelter survives the blast.

survivors =PSSPSBPSRS POP

casualties from blast/thermal =PS 5(1'-PSBTJ)POP

casualties, from radiation PSSPSBU(1-PSRS(l))POP

Situation 2) -shelter destroyed by the blast

s urvivors (1 -PSs)PSBuPSU( 2 ) POP

casualties from blast/thermal (1 -PSS)(1 -PSBU)POPj

casualties from radiation (1-PSs)PSBU(1-PSRU(2))POP
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where
PSBU the blast/thermal survival probability at an

unsheltered element

PSS  the blast survival probability of a particular shelter

PSRU the radiation survival probability at an unsheltered
element

PSRu(2 ) = the radiation survival probability when all radiation
is obtained in an unsheltered condition

PSR S  = the radiation survival probability inside a particular
shelter

PSRS(I) the radiation survival probability when a portion of
the radiation is obtained in an unsheltered condition

POP = population of the grid element.

Total results for all grid elements assigned to a particular shelter are
maintained for that shelter. In addition, overall system totals (unshel
tered versus sheltered) are maintained and outputted. The program
also outputs a series of encoded survival probability grids.
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DYNAMIC ANALYZER INPUTS

The inputs required to run the Dynamic Analyzer are summarized on
the next page.

Unless otherwise indicated, all data cards should punch
blanks in columns 1 - 7
DEC in columns 8 -. 10
blank in column 11
data in columns 12 - 72

use appropriate decimal point for each datum
separate data with commas but no blanks
no comma follows last datum.

An exponential form of the datum may also be used. Examples are:
1, 500, 000 punch as 1. 5E6
0. 006 punch as 6. E-3

TRAnsfer cards have same format as DEC cards.

Sample format

1121 4s167891 1 2 1314 15 16 17 1. 72 (Column #)

DEC 4. ,3 2 (Data)
DEC 6. E -3 (Datum - exponential)
TRA 2 , 4 (Transfer card)

BCD A P R I L (Month card)
BCD I N F (Label card)
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SUMMARY OF INPUTS FOR DYNAMIC ANALYZER ....

I. WIND DECK
1st Card TRA 4,4
2nd Card Velocity of north wind (mph), Velocity of east wind (mph)
3rd Card Month(l)

II. BOMB CATALOG
1st Card TRA 3,4
2nd Card (3) # mbs (2 ) , Burst time (min. ), # Altitude increments (2 )

3rd Card(s) I J.A(2 ; , Yield (KT), Height of burst (ft), aB Missile
aiming accuracy (ft), f = Radiation conversion efficiency (%)

II. SHELTER CATALOG
1st Card TRA 5,4
2nd Card # Shelters( 2 )
3rd Card(s)(4 ) Is(2), js(2 ), Overpressure factor (lbs/sq. in.), Radiation

protection factor (cal/sq. cm.)

IV. POPULATION DECK
1st Card TRA 2 4
2nd Card Label )
3rd Card(s)(6 )  # Rows( 2 ), # Columns( 2 ), Scale factor ft), Mobility (mph)

Pr~rection factor, Overpressure (lbs/sq. in. ), Q (cat. /cm'),
ij ( ) j(2), # Nonrzero population ele ments(2 ) .

4th Card(s) ik2), j Population(2 ) (Population Deck has one card
for each non-zero element)

NOTES
(1) Month Card has BCD in columns 8-10; column I1 must be blank; column 12

has nt "v "ral I ; columns 13-18 have the month spelled out or abbreviated.
(2) Thesc inbcrs are integers and decimal must be omitted.
(3) Information for each bomb must be on a separate card.
(4) Information for each shelter must be on a separate card.
(5) Label Card has BCD in columns 8-10; columns 11 and 12 must be blank;

columns 13-72 contain any desired identificatien information.
(6) On this card there should be a zero before other listed parameters for

initialization purposes; Ii and Ji should both be zero.
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-II

EXAMPLE DYNAMIC ANALYZER OUTPUT FORMATS

INTRODUCTION

This section describes the result of a pilot city (Dallas -Fort Worth)

demonstration run and explains the notation and tabulation used in the
print d output format.

The figures shown In this report represent only a portion of the total
dita printed for each analysis case. The computer running time and total
cost for each analysis run Is primarily determined by two factors: 1) Num-
ber of shelters In the system, and 2) average distance the population must
travel to reach a shelter. Time does not increase linearly with number of
shelters because additional shelters generally decreases the average travel
distance. The analysis of a system with 48 shelter locations requires less
than 5 minutes of 7090 computer time.
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INPUT SUMMARY AND LEGEND (FIGURE 47)

The hirst page of the printout identifies the run and summarizes the
basic input data. TARGET CHARACTERISTICS describes the unsheltered
population. The grid method of representing population has been discussed.
(FACTORS), MOBILITY is the assumed rate at which the population can move
toward shelters, PROTECTION indicates the shielding protection against
nuclear radiation. OVERPRESSURE and THERMAL give the effects levels
at which the probability of personnel survival is 50%. WIND CHARACTER-
ISTICS show a wind blowing from the northwest at 4-1/4 mph. BOMB
CHARACTERISTICS lists and describes the significant characteristics of
each bomb up to a limit of 10. BURST TIME is shown here as 20 minutes
counted from time 0, the time at which the population receives warning
and is instructed to go to shelters. NUMBER OF ALTITUDE INCREMENTS
refers to the incremental deposition of the fallout cloud. AIM POINT,
YIELD, BURST HEIGHT, SIGMA (weapon delivery accuracy), and RADiation
CONVersion EFFiciency are input separately for each bomb. The other
characteristics describe the fallout cloud and are computed by the program.
TOT RAD (total radiation) is the reins per hour fallout dose rate. The.
other column callouts indicate the cloud dimensions, attitude of the top
and bottom of the cloud, and the time after burst at which these dimensions
are reached.

GRID PRINTOUT LEGENDS, shown here for completeness, are also
printed on each grid printout where they apply. In each case, the symbol
printed refers to the entire population in the element where it appears.

These should not be confused with the two -character symbols used to
designate shelter assignments.

POPULATION GRID (FIGURE 48)

The manner in which the population grid is prepared has been described.
It should be noted that, while the grid printed here shows a population range
for each element, all computations done within the program are performed

with the specific input populations for each element. Because vertical and
horizontal spacings of the printer are not equal, the printouts and map are
compressed laterally. and a square area Is shown as a 6 x 10 rectangle.
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BLAST/THERMAL SURVIVAL PROBABILITY GRID-UNSHELTERED
(FIGURE 49)

There Is a single, high priority soft- military target in the vicinity of
Dallas and Fort Worth. The target, Carswell Air Force Base, is located
approximately five miles west of the Fort Worth central business district.
The attack strategy used against the target in this example uses two 5 MT
weapons. Neither of the weapons is aimed directly at the target. The aim -
points were selected to give a high probability of target kill while yielding
a maximum bonus kill against population and industrial floor space.

The legend symbol at each printout on this grid represents the proba-
bility that the population of that element will survive the effects of blast
and thermal radiation. Because the range to which thermal effects are felt
by unsheltered population is greater than the range for blast effects for these
paraneters, the contours shown for the unsheltered case approximate those
of thermal alone.

RADIATION SURVIVAL PROBABILITY GRID (FIGURE 50)

The fallout deposition pattern appears here as moving southwest from
the two aimpoints. Because the weapons were burst at relatively low alti-
tudes, (one at 2500 feet) the dose rate is such that almost all the population
within the fallout pattern are casualties. The area in the vicinity of ground
zero where population is killed by initial radiation does not show but is
masked by the fallout pattern.
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SURVIVAL PROBABILITY GRID-UNSHELTERED (FIGURE 51)

This shows the probability that the population of each elementwill
survive all three weapon effects. Because of the high intensity of the
fallout field and the absence of protection to the population, this appears
to be a print of the fallout field superimposed on the Blast/Thermal Probabi-
lity of Survival Grid.

SURVIVAL PROBABILITY GRID-SHELTERED (FIGURE 52)

This figure shows the probability of surviving this attack for the
population in each element when provided with the protection defined for
the existing Dallas -Fort Worth fallout shelter system. Most of the survi-
val improvement is shown in two areas, one of them south of the Fort
Worth central business district where the shelters were far enough from
the blast to survive and the population was close enough to the shelters
to reach protection before the blast. The other area is in the south central
area where those surviving the blast outside of the shelter were able to
reach radiation protection before the downwind fallout arrived. A compari -
son of the two grids shows that the shelter system actually decreased the
probability of survival for population in the northwest and southwest corners
of the grid. This is because their nearest shelters were closer to the
burst point or they were required to travel through regions of heavier
fallout or both. A detailed printout of this effect is given in the next figure.
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SURVIVAL PROBABILITY DIFFERENCE GRID-SHELTERED MINUS
UNSHELTERED (FIGURE 53)

This matrix shows the value of this shelter system to each population
element in terms of survival. It is generated by differencing the probability
of survival in the two preceding figures. Alphabetical symbols printed in an
element indicate an improved survival probability attributable to the existence
and use of the countermeasures system. Numerical symbols indicate ele-
ments of population for whom use of the shelter system actually decreased
the probability that they would survive the attack. For those whose survival
probability decreased, this is simply a matter of running the wrong way,
generally toward a shelter that was not close enough. For a large portion
of the population, those with symbols 2 or M, it appears to make little dif-
ference whether they proceed toward assigned shelters or stay home.

ARRIVAL TIME GRID (FIGURE 54)

As an aid in analyzing the problems and significance of shelter location
and population mobility, an arrival time grid is printed. For the 20 minute
warning time used, all population in elements marked with a 0 were able to
reach a shelter before the burst. Those with a I were caught in the open at
the time of burst and if they survived the immediate effects, were able to
reach their assigned shelter before any fallout arrived in any of the elements
through which they passed. Those marked with a 2 were subjected to not only
the immediate effects of the burst, but, if they were able to proceed to their
shelter, passed through the fallout field, although the element at which they
originated and the shelter element to which they went may not have received
any fallout.
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SHELTER CHARACTERISTICS (FIGURE 55)

A complete listing of all the shelters in the system is given. For each
shelter the i, j coordinate location is given with the protection factor and
resistance to overpressure. In order to test the system's sensitivity to
these parameters and to show the parameter selection option, some of the
values were varied from their actual values for this run. Each shelter is
given a unique assignment symbol. This is used in the following figure
to identify each population element which is assigned to that shelter. The
use of a two letter symbol permits separate identification of approximately
500 shelters.
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SHELTER ASSIGNMENT GRID (FIGURE 56)

The shelter identification symbols from Figure 55 are used here to
show the population element areas assigned to each particular shelter.
Because three print spaces are needed to show each element, the grid is
expanded laterally so that the left and right halves of the gird matrix are
printed on separate sheets. The actual location of each shelter could not
be shown without losing the identity of shelters to which only one element
is assigned. However, i, j coordinate locations from Figure 55 can be
used to locate particular shelters of interest. As can be seen here, a
particular weakness of this shelter system is the large areas assigned to
some of the shelters and the great distance some of the population must
travel. It is significant, however, that the largest assignment areas are
in the region of least population density.
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SURVIVAL CONDITIONS FOR SHELTER AC (FIGURE 57)

The program computes and prints a complete analysis similar to this

figure for each shelter in the system. This example gives the conditions

for the shelter located at i, j = 14, 13 for both the shelter and for all the

population assigned to that shelter whether they survive to reach the shelter

or not. This particular shelter is at an aimpoint during the run and has

a blast survival probability of only 2. 3 percent. This value is ,reater

than zero because of the weapon sigma (aiming accuracy).

The population assigned to this shelter is divided into two main cate-

gories, those who arrive before the burst and those who arrive after the
burst or who would arrive if they survived the' initial weapon effects. The
late arrivals are further divided Into two probabilistic groups - those who
may expect to find that their shelter had survived the blast, and those who
may expect to find their shelter destroyed. This is computed as the num-
ber of arrivals after the burst times the probability that the shelter will
either survive or be destroyed. Among the 7022 who are in the shelter

before the burst, there are no survivors. It is also indicated that there
are no casualties from blast in the shelter although the probability that
the shelter survives the blast is only 2.3 percent. This simply means
that there are no casualties due to blast alone. Casualties from radiation
in the shelter shows that 164 survived the blast but were killed by initial

radiation. The rest of the shelter occupants were killed by both blast and
radiation, i. e., either effect would have been sufficient to kill them. *1

There were also no survivors associated with those who would have
arrived after burst to find the shelter intact. Most of them were killed by
blast and/or thermal enroute and did not arrive. Those few who survived
blast and thermal received a lethal radiation dose either before they reached
the shelter or a combined lethal dose of radiation received before and after
they reached the shelter. The four casualties from radiation in the shelter
may not actually have arrived or were effectively dead on arrival. In
determining casualties for arrivals after the burst, radiation casualties
are computed and shown only for those surviving blast/thermal, while in

the arrivals before burst case, the effects are considered separately to
determine specific shelter inadequacies.

Totals are given at the bottom of the figure for both the sheltered and
unsheltered case. SHELTERED here refers to the number of people assigned
to this particular shelter whether they reach the shelter or -not. UNSHELTERED
refers to the same segment of the population but without the population
moving to a shelter. An interesting comparison here shows that if the
30,758 persons move toward the assigned shelter there are no survivors;
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but If they remain in place, 91 will survive without spedial protection..
This Is reasonable because the shelter is located at an. aimpoint. The
casualties from the various effects for the. sheltered case is summed from

theARIVLS rekdwnabove -However, the value given under BLAST.,

which refers to the combined effe,.As of blast and thermal, and under BLAST
AND RADIATION are mis leading because -population killed- by bat and.
thermzal -enroute to the shelter are not -considered. when radiation -kill isl.
computed as it is for the arrivals before the burst. ThIe totals tabulated
for the unsheltered case show 919 who were killed by the blast/thermal
but would have survived radiation, 151 who would have survived blast/
thermal but were killed by radiation, and 29, 597 who wouid have been killed'
by either effect.

The right hand of the figure shows :aplot of arrival time distribie -

of people arriving at this shelter after, warning is given.. 'Note the sdole,
factor ARRIVAL TIME IN 200. This factor is computed for improved
readability and may change from. shelter printout to printout. This plot
shows that 7 x 200 plus 27 x 200: or approximately 6,.800 people arrived
before one delta T which is 19 minutes or just, one minute before burst.
This corresponds to the 7022 arrivals before burst. Delta T. is, the time
required for people to cross one grid element and is calculated from the.
input population mobility factor.; Arrivals after, 25 Delta T is an over-flow
term used when travel, distance is greater than 25 elements.
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SURVIVAL CONDITION FOR SHELTER DE (FIGURE 58)

The protection factor and overpressure factors of this shelter were
arbitrarily made small to test the sensitivity of the analysis to these pura-
,nm ters. In this case, the blast survival was good but most of the shelter
occupants were not adequately protected from radiation. Over half of the
population assigned to this shelter were killed enroute because the shelter
was too far away, some not arriving until almost three hours after the
burst. Had they arrived in time, the improvement in survival probability
would have been negligible. The unsheltered total shows that most of the
assigned population would. have been double kills, i.e., either blast/thermal
or radiation alone would have killed them. Protection is required here
against all effects.

SURVIVAL CONDITIONS FOR SHELTER WX •(FIGURE 59)

The first shelter discussed proved to be inadequate for protection
against either blast or radiation at that location. The second shelter
analyzed above provided effective protection against blast but permitted
a large percent of radiation casualties in the shelter. The shelter in this *
figure provides 100 percent survival protection against radiation for per -
sons arriving before the blast, but bears a high blast casualty rate. The
major cause of casualties associated with this shelter is late arrivals.

In this situation it appears that there is a significant correlation
between blast resistance and radiation protection required for a given
shelter. For example, it may be meaningless to provide a shelter with
a high radiation protection factor if, in the region where it will be exposed
to this level of effect, it would be destroyed by blast.
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SURVIVAL CONDITIONS FOR SHELTER IJ (FIGURE 60)

Of the four shelters discussed in this section, this is the only one
that offers complete survival protection for personnel inside the shelter
at the time of burst. However, there is a 50 percent casualty rate among
those assigned this shelter because of late arrival. Arrivals after burst I
is noted as 14, 505.

SUMMARY OF SURVIVAL CONDITIONS FOR ALL SHELTERS
(FIGURE 61)

Provided with the system analyzed, approximately 350 of the pilot
city would be casualties in the event of the postulated threat. With no
system, casualties would be about 50o. For this case, the system
saves approximately one quarter of a million lives. A major fault of
the system which accounts for most of the casualties is that there are -
not enough shelters located where people can reach them in time.

i
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SECTION III
DETAILED PROGRAM DESCRIPTION
MULTIPLE EFFECTS WEIGHTED STRATECY
SHELTER OPTIMIZER

INTRODUCTION

Civil Defense literature includes the result of many research activi-
ties concerned with weapons effects and the effectiveness o particular
Civil Defense countermeasures for particular situations. We are aware,
however, of no attempt to use the information which is now available to
determine most desirable Civil Defense countermeasure systems to pro-
tect actual populated areas against a realistic threat other than the Soft
Target Study. Section I describes a computer program, called the
Multiple-Shelter Type Mix and Location Optimizer, which established
the feasibility of quantitatively considering the composition of optimal
Civil Defense countermeasure systems. In some respects this program
was aptly named. The program inputs include a shelter catalog, and the
program optimization process results in the identification of both the
mix and deployment of shelters for the system of best cost effectiveness
against some specified threat.

In other respects the title does not suggest the true utility of the
program. The program, for example, accepts the actual distribution of
population over the area of interest at the time of an attack. Analysis
procedures which have been devised elsewhere, on the other hand, ordin-
arily employ some idealized population distribution or attempt to evaluate
the worth of a particular Civil Defense countermeasure without consider-
ing the population distribution at all. Moreoverv the demonstrated feasi-
bility of the procedure for treating the area distribution of population
suggests similar procedures might be used for other area distributions

which are important. These factors include terrain details and the
characteristics of the unsheltered population.

We have received the comment that the consideration of optimal Civil
Defense countermeasures is not a useful activity because the threat cannot
be known with certainty. It is true the pay -off is greater if a specific threat
can be postulated. This is not to say, however, that optimization has no I
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meaning if the threat is uncertain. What cannot be done is to define mean-

ingful and quantitative measures of Civil Defense countermeasure system

effectiveness if nothing whatever is assumed about the threat. An impor-

tant though limited feature of the original program is that the attack def-
inition may consist of aim points rather than impact points so that the

effect of uncertainties in this aspect of the problem may be studied. A

major objective of the program herein described is to provide an improved

capability for studying the usefulness of Civil Defense planning, when the

nature of an enemy attack, should one occur, or the conditions at the time

of the attack cannot be predicted with precision.

The most significant feature of the program is the form of the re-

sults. The Reference 1* paper on Systems Analysis in Civil Defense states

that the Civil Defense countermeasures systems analyst should not be expected
to recommend that a particular level of investment be selected. The program
results are presented in the form most convenient-for those whose respon-

sibility it is to consider the level of investment problem. The routine auto-

matically generates the curve of system effectiveness as a function of total

system cost such that for each cost the effectiveness of the system is max-

imum. The shelter mix and deployment at desired intervals along the curvei

are also displayed. Section I of Reference 1* concludes with a description of

a repetitive process by which a Civil Defense countermeasures systems
analysis may be accomplished. While the program does not remove the
desirability of considering several possible threat situations, the analysis
procedure is enormously simplified over what it would be if only a program
for computing the effectiveness of a specific shelter system design were

available.

While the program has demonstrated the feasibility of the method
and has brought out many features of the problem, it has limitations which

restrict its practical utility. There are other uncertainties present besides
the impact points of the enemy weapons. Weapons effects other than blast
may also be important. The program uses a fixed 21 by 21 element pop-

ulation distribution matrix since this is the largest size for which numerical
values of the elements may be conveniently printed on a single output sheet.
Since the model bookkeeping rocedure has been designed for this matrix

size only, it can not easily be increased and program modifications would

result in both per operation, as well as total running time, time increases.
In order to alleviate these restrictions, to more completely realize the
potential utility of the method and to extend the program into areas not now
considered, the program has been completely redesigned and rewritten.
The mathematical concepts of Inverse Cost Effectiveness (ICE) and conver-
sion inverse cost effectiveness (CICE), which are used to compute optimal

mix and deployments, have been retained.
* Devaney, op. cit.
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The new program employs a variable size population distribution
matrix vhich is limited by restrictions which appear to result in the abso-
lute maximum size matrix which may be used by a reasonably fast running
program. The way in which the matrix is used in the program permits a
larger geographic area to be considered during one computer run if the;
population centers are widely distributed over the area than if the area pop-
ulation density is greater. This has been accomplished by not using com-
puter fast access storage for zero population matrix elements except in a

memory conserving way. Moreover, an optimal system over the area of any
number of population matrices may easily be determined manually by a pro-
cedure which is essentially merging the individual results by matching at
corresponding ICE or CICE levels and accumulating total cost and survivors
added.

The program, as before, will accept a catalog consisting of any
reasonable number of shelter types. It is now necessary, however, to
describe the performance of each shelter type in protecting occupants
against thermal radiation, prompt nuclear radiation and fallout as well as
blast. Shelter is here used in a broad sense and may merely mean some
kind of modification to existing structures such as the expenditure of money
(cost) to improve the fire resistance of a residence (effectiveness). i

The nature of an attack against targets in the area of interest, given j
that an attack will occur, would not ordinarily be known. Several alterna-
tives would be found reasonable but with varying likelihood. In order to
determine what can be done to optimize a shelter system for such an uncertain
threat situation, any number of attack plans, called strategies, and the esti -
mated probability of occurance of each may be used as program inputs. The
program computes the shelter system mix and deployment which maximizes
the expected number of survivors for each total cost level. The aim points
included in the strategies need not be elements of the population matrix since
the range of some weapon effects may be so great that remote aim points are
important.

Fallout is a significant hazard for strategies involving low altitude
detonations. The fallout contours resulting from an attack depend on the
winds at the time of the attack. These winds cannot be known at the time
a shelter system is chosen. The new program takes this uncertainty into 4
account. Inputs to the program may include any number of wind seasons,
and, for each season, the fractional part of a year (probability) for the
season and parameters indicating the distribution of winds.

Weather may affect the destruction and loss of life resulting from an
enemy attack in an important way. The wind model herein described is con-
sidered the first step toward the development of a weather submodei which
will permit study of the operational sic-nificance of this parameter.
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The vulnerability of the target to weapon effects is also a function oI

atmospheric transmissivity, relative humidity, temperature, and other
factors which might be profitably considered i future studies.

The vulnerability of the unsheltered population to the combined weapon
effects is dependent upo. the interaction of environmentat factors. The ori -

ginal program defined the environment in terms of hardness to overpressure,
thermal hardness of unsheltered population and a single, deterministic wind.
The pre-shelter environment was assumed to be uniform throughout the en-
tire target area. In the present program the environment is defined separately
for each population element and includes a probabtlistic wind model. In this
manner, population living in elements composed of well maintained, quality
structures would be assigned higher environmental protection factors than
those in substandard slum structures. The environment of each element is
defined in terms of its vulnerability to each of the weapon effects and identi-
fies the shelter types which are not applicable. For examp!e, basement
fallout shelters are applicable only to houses having basements.

The program begins by selecting a shelter type from the shelter catalog
and an element from the population distribution array such that no other shelter
type assigned anywhere in the population matrix has a lower TCE. This is the
first point on the cost vs effectiveness curve. This shelter system would have
low effectiveness, low cost and the best cost effectiveness possible. The pro-
gram continues by assigning shelters to previously unprotected etements by
minimum ICE or by modifying shelter assignments according to the CICE
values until the system of maximum effectiveness is obtained. (Effectiveness
is the expected number of survivors added which is computed by taking into
account all of the uncertainties of the situation and the weaponn effects - blast
thermal radiation, prompt nuclear radiation and fallout.) At each total cost
level, the effectiveness is the greatest value possible with the Civil Defense
countermeasure components available in the shelter catalog. The mix and
deployment corresponding to any point on the curve may be determined by
following the assignment and reassignment operations indicated in the output
listing or the program will automatically output coded shelter deployment
arrays at desired ICE/CICE levels. The system cost, effectiveness and
shelter mix and deployment for areas described by any number of population
distribution arrays may be determined by merging the output listing by ICE/
CICE levels or a simple program may be written to automatically perform

tese operations.

Cons iderable effort has been expended on the program bookkeeping
and logic to achieve a program which will require very little computer time
for a problem of this magnitude. Tape storage is, of course, required. The
program has, however, been considered to consist of several sequential phases
or segments. Information may be transferred to or from tape between phases;
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although all of the operations for one phase involve fast access storage only.
The mathematical operations have also been studied to achieve solutions
which can easily be handled by the computer. This work has resulted in
the idea of a shelter vector, which replaces the old probability of survival
matri for each shelter type, the procedure for applying the optimization
operations to only one vector at a time and then appropriately combining
the results and a unique mathematical formulation for considering the effect
of fallout with distributed winds.
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GENERAL PROGRAM DESCRIPTION

THE POPULATION MATRIX

The original Shelter Mix and Location Optimizer considered the

region of interest to be a square area subdivided into an array of 21 by
21 square elements. The population of each non-zero element was an
input to the program. The data was stored in the computer as a 21 by
21 numerical array. The size of an element determined the accuracy
of the program which, in turn, determined the size of the region of
interest which could be considered during a program run. If the number
of shelter types in the shelter catalog was small, part of the computer
fast access memory would not be used but this would not increase the
permissible size of the population matrix. The consideration which led t
to the original choice of matrix size was the number of numerical values I
which could be neatly printed on a single printout sheet.

The new program employs a rectangular, though not necessarily square,
population distribution matrix. Both the number of elements per row and per
column are variable. The maximum number of elements in a row is limited
by the number of useable print spaces in the printer, which is slightly greater i
than 130. It is necessary to code the element values by population intervals,
each represented by a single character, if the population matrix is to be
printed as an output array. The maximum number of elements per column
depends on the number of elements per row, the fraction of zero population
elements in the area of interest and the number of shelter types in the cata-
log. This procedure will permit making full use of the computer fast access

memory even though the shelter catalog may be small.
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Population matrices for adjacent regions may also be pasted together
to form a population map of the total area of interest for some study. All
of the Output matrices of whatever type are compatible in this sense except
for the total cost vs total survivors added curve, which is obtained by sum-

ming the cost and survivors added data in the individual output listings as
will be explained.

THE PHASE I PROGRAM (PROBABILITY OF SURVIVAL SHELTER VECTORS)

One of the operations of the original program was to construct a
probability of survival matrix for the unsheltered population and for each
shelter type in the catalog. These matrices were stored as 21 by 21 ele-
ment arrays. Zero elements consumed storage space in the computer
memory.

An extensive study of the storage and running time problem has
resulted in the concept of probability of survival shelter vectors. The com-
puter calculates the probability of survival at a particular non-zero popula-
tion element using the vulnerability characteristics of the unsheltered pop-
ulation and the characteristics of each shelter 'in the catalog. Each of these
probabilities of survival represents a component of the probability of sur-
vival vector. This process is continued until a vector is obtained for each
non-zero element in the population matrix. These vectors need not be stored
in fast access memory since the set, as such, is not involved in subsequent
computations. The program bookkeeping has been set up in this way since
the Phase I routine, which takes into account all weapon effects and
problem uncertainties, is expected to be the largest of the routines and
will therefore occupy the most fast access memory. The shelter vectors
are stored on tape for use by later phases of the program. The shelter
vectors are stored as vectors although they contain all of the information
required to form probability of survival matrices.

The idea of a shelter vector is more than a different point of view
from the original procedure. The concept will, in general, result in con-
servation of memory since no spaces are used for zero elements. If many
zero elements are present, the convenience with which the program is used
would be greatly increased. If all of the population matrix elements contain I
at least the minimum population of interest, the two procedures are approx-
imately equivalent. The most important reason for adopting the shelter
vector procedure is that it is much e5i-jer to perform all of the calculations
for one element at a time than to compute many complete matrices a shelter

at a time. The original program was simple enough so that the probability
of survival grids could be retained in a form suitable for output printing.
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The new program, which represents an enormous increase in complexity,

requires highly efficient bookkeeping and computational procedures if the

program is to be a practical aid in Civil Defense countermeasures research.

THE PHASE I' PROGRAM (PROBABILITY OF SURVIVAL MATRICES)

The Phase I' routine Is an optional program which may be used if a
display of the probability of survival matrix for the unsheltered populatfic
and for population protected by each shelter in the catalog is desired. The
program begins by reading and storing the shelter vectors. It is necessary
that all the vectors be stored. This is not expected to be a limiting situa-
tion, however, since the program is expected to be relatively short. The
program reads all of the probability of survival values for some shelter
type. These values are coded by intervals, each interval being represented
by a single output character. The matrices are assembled and read out for
printing a line (row) at a time so that only a small amount of working stor-
age is required. After a matrix has been assembled, the Index number is
changed, causing the program to assemble another probability of survival
matrix based on a different entry in the shelter vectors. The Phase I' pro-

gram is complete when the number of probability of survival grids printed
equals the number of entries in a shelter vector.

The probability of survival grids printed by the program are com -
posite matrices which take into account all weapons effects and all problem
uncertainties. Arrays for particular effects or situations may be obtained,
however, by proper use of the program inputs.

THE PHASE II PROGRAM (ICE/CICE VECTORS)

The Phase II program converts the probability of survival shelter
vectors to ICE/CICE shelter vectors. This is equivalent to applying the
optimization process to one population matrix element at a time. The re-
suits are then merged to develop the shelter assignment and reassignment
sequence.
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The program begins by reading a probability of survival shelter

vector, converting the vector to an ICE/CICE vector and storing the vector

in the computer fast access memory. This process is continued until the

vector for each non-zero population matrix element has been stored.

The process of converting the vector consists of first computing an

inverse cost effectiveness (ICE) for each shelter type at that location. The
ICE value computed for a shelter type is a function of the probability of

survival if protected by the shelter type (a shelter vector entry), the
probability of survival of unprotected population (a shelter vector entry)
and the per person cost of the countermeasure (a program input). The
countermeasure corresponding to minimum ICE (best cost effectiveness)
is identified as the initial shelter assignment for that location. The ICE
values for the remaining types are then converted to conversion inverse
cost effectiveness (CICE) values. A CICE value is a function of the per
occupant costs of the last countermeasure type assigned and the shelter
for which the CICE is being computed and the probability of survivals for
the same shelters. The shelter type of minimum CICE is identified as the
next assignment and the CICE values for the remaining types, based on the
last assignment, are computed. ICE and CICE values are only computed
for those countermeasure types which can be ordered by both increasing
per person cost and probability of survival. Shelter types not so orderable
are marked "not useable at this location". The remaining types may not
all be used and these are eliminated by the relative ordering of their CICE I
values. When all of the countermeasure types have been assigned or elim -
inated, the vector is complete. The initial assignment is the shelter of
best cost effectiveness. The final assignment is the countermeasure af-
fording highest probability of survival without regard to cost. The inter-
mediate assignments are optimal with respect to decreasing cost effective-
ness and increasing effectiveness. The fact that a particular shelter type
does not appear in the optimal assignment sequence does not necessarily
mean that it would not appear elsewhere if the effects of the threat are
different.

The requirement that all of the shelter ICE/CICE vectors must be
stored in the computer fast access memory at the same time is the con-
sideration which limits the size of the largest population matrix which
may be used on a single run. There is an entry in each vector for every
shelter or countermeasure type in the catalog. There is no entry for the
unsheltered situation. At least one other word is necessary to achieve a
fast running program. This word, in three parts, indicates the i and j
numbers for the location of the vector in the matrix and the location of the
minimum ICE/CICE value within the vector. The limiting condition is that
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the product of the number of shelter types in the catalog plus I and the num -
ber of non-zero elements in the population matrix must not exceed the num -
ber of fast access storage words allocated for these data. The number of

spaces available is about 25 thousand words. The remainder of the 4
memory is used for the system, the master control, the program for
converting and processing the ICE/CICE vectors and a small working
memory.

The program processes the vectors by selecting the minimum ICE
value in any of the vectors and assigning the corresponding shelter type to
that location. The value is essentially marked "used" and the next lowest
value is found, which may be an ICE or a CICE for the location already
assigned a shelter type. The process continues until all of the useable vec-

tor entries have been considered in the assignment and reassignment process
and the system of maximum effectiveness is obtained.

An assignment is made by generating an output record which indicates
the ICE/CICE level, (which increases from record to record), the i and j
numbers for the matrix element where the assignment is made, the previous
shelter type (if any) and the new shelter type. The first record is the single
assignment of best cost effectiveness. The effect of all records is to define
the system of greatest effectiveness although the cost effectiveness may be
poor. The assignments and reassignments up to some intermediate record
defines the optimal system at that ICE/CICE level or the system which
achieves the greatest possible expected number of total survivors added. 4
The total cost cannot be included in the shelter assignment records since
the population matrix cannot be maintained in memory without either re-
ducing the size of the largest population matrix which can be used during a
single run or successively scanning tape which is a time consuming operation. A
THE PHASE III PROGRAM (FINAL REPORT DETAILS)

This program reads the population matrix, which is available on tape,
and stores the numerical array in memory. The shelter assignment records
which have been generated by the Phase II program are then read and amended
by adding total system cost and survivors added. These quantities are a
function of the populatioi in that element, the shelter costs, the ICE/CICE
level and the values of these quantities for the last record. The amended
records are again stored on tape.

A listing of the Phase III Program output records may be used to plot
total system cost as a function of suvivors added for the shelter mix and I
deployment which yields the greatest possible expected number of survivors
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at that total cost level. The corresponding system cannot be determined
without noting the shelter assignments and reassignments in all previous
records however.

THE PHASE IV PROGRAM (SHELTER ASSIGNMENT GRIDS)

The Phase IV Program sets up a blank matrix in memory which is the
same size as the initial population matrix. The shelter assignment

records of the Phase II or III programs are then read, record by record.
As each record is read, the shelter assignment described by that record
is recorded by writing the shelter type, indicated by a single output char-
acter, into the array element corresponding to the I, j values in the record.
The deployed system, as indicated by the shelter assignment matrix, Is
ecpanded and changed to shelter types affording greater protection as addi -
tional assignment and reassignment records are read. The matrix is
printed at input ICE/CICE levels.

The assignment grids are printed at specified ICE/CICE levels since
optimal systems for several regions, each separately optimized by a pro-
gram run, are correctly assembled by matching at corresponding ICE/CICE
levels, not a corresponding total cost levels.

The number of shelters and countermeasures which can be included
in the catalog is limited by the number of different output characters avail -
able for printing the shelter assignment grids. This number is somewhat
greater than 40.

GENERAL PROGRAM ORGANIZATION

A flow diagram which indicates the function of each of the program
phases and how they are interrelated is shown on Figures 62a - 62e. The
Phase I and Phase II programs require additional explanation and are dis-
cussed in detail in subsequent sections. The operation of the Phase I'.Phase IIl, and Phase IV programs are straightforward.
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DETAILED PROGRAM DESCRIPTION

PHASE I

A flow diagram for the Phase I Program is shown beginning on I
Figure 63. The numbering of paragraphs in this discussion corresponds
to the numbers on the general operation descriptions in the flow diagram.

t. Inputs to the program include the shelter and countermeasure catalog,
the attack strategies, the wind seasons and the attack weapons. The shel-
ters and countermeasures in the catalog are defined by parameters which
determine the vulnerability of persons protected by that shelter or counter-
measure and the per person cost. Each strategy is specified by a list of
aimpoints, a bomb number and a delivery error standard deviation for each
aimpoint, and the probability that strategy will be used. The weapon char-
acteristics for a strategy are determined by correlating the bomb number
with characteristics in a bomb table to avoid duplicate computations if iden-
tical weapons are used in the same or different strategies. The wind seasons
are described by the fraction of the year the season applies (probability),
the mean wind components and the vector standard deviation of the wind
during the season. If an attack is more likely during one wind season than
another, the probability of the season may be adjusted to take this fact into
account. A weapon type is defined by yield, burst altitude and radiation
conversion efficiency. A weapon type need only be input once regardless of
how often it is used in the strategies. The sum of the probabilities of the
strategies and the sum of the probabilities of the wind seasons should both
be unity.

2. For each weapon in the bomb li9t, the program increments the stabilized,
cylindrical cloud into altitude layers. Each layer is then incremented by
particle size. The resulting disks of approximately the same time down are
then combined. The disks are described by a table which indicates the cloud
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radius, time to fall for each disk and the effective biological dose (EBD)
which is obtained by integrating the decaying radiation field component
caused by the disk from the time down to an appropriate later time. The
validity of this procedure is discussed elsewhere. The program generates
an EBD vs time to fall table for each low altitude burst point weapon in the
input bomb table.

3. The numerical population matrix (PM) is a program input. The routine
computes a binary population matrix (BPM) in which a 0 or 1 indicates whether
a population value has been input at that i, J. The BPM requires only 1/36th
the memory storage of the PM. The PM is stored on tape for use during the
Phase III program while the BPM is stored in the fast access memory. The I
program computes a probability of survival shelter vector for each element
for which a I appears in the BPM.

4. The routine selects a non-zero element in the BPM and proceeds to
compute a vector for that element. The routine then transfers back to S
this instruction, as shown by the "A" connector, picks up the next non-
zero element and continues until a probability of survival vector has been
computed for each non-zero element in the BPM.

5. The probability of survival vectors take into account all of the pos -
stble strategies. The routine picks a strategy, adds the contribution of
the strategy into the working values of the vector and then loops back, via
the '" connector, to pick the next strategy. When all of the strategies
have been considered, the working values in the vector are the desired final
probability of survival values for that vector which is then output by the
program.

6. At this point, the weapon aimpoints (the strategy) and shelter location
are known so that parameters relating to the probability of surviving prompt
weapon effects may be computed. The computations are discussed elsewhere.

7. The routine now prepares to make fallout computations by selecting a
wind season. After the computations for this wind season have been made,
the next wind season is selected by transferring back to this instruction
through connector "C". A wind season is defined by a probability, the mean
wind components WN and W W and the vector standard deviation aw .

8. The weapon aim points, fallout disk tables and the wind are now known.
The routine computes the mean landing point for the center of each disk in
each time down table. The relations used are of the form
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XL XA - WNtd

YL = Y WW td

where A refers to an aim point, N and W to North and West as the direc -

tions from which the wind components come and td is the time to fall for
this disk. The standard deviation of the distance from the center of a
disk to its mean position depends on the time to fall.

a d = aWtd

9. The routine now selects one of the disks for more detailed compu-
tations. After the disk has been processed, another disk from the same
or different weapon is selected by transferring back to this instruction via
the "D" connector.

10. The Phase I Program flow diagram is continued on Figure 64. At
this point the routine has established a shelter location, a mean landing

point for the center of a disk and a disk radius which depends on the cloud
from which the disk was taken. The standard deviation in x and y for the
landing point is

a = d2 - 2

where the standard deviation of the bomb impact point with respect to the
aim point is part of the input strategies. The program now assumes a
bivariate normal distributtion for the disk landing point and computes the
probability that the shelter location will be within a disk radius of the disk
landing point. This is an application of what has been called the bomb
coverage function. This computation is discussed in another section.

II. This instruction is in a loop which considers each fallout disk from
every weapon in a particular strategy. The purpose of the loop is to com -
,_,' the distribution of fallout at a particular location during a particular

wind season. The assumption is made that the distribution is normal.
Each of the fallout disks is characterized by the probability, PL, that the
disk will cover the center of the element under consideration and a dose,
(EBD), that unsheltered population would receive given that the disk does
cover the element. The mean dose is

P PL (EBD)
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The variance is

1 PL (1 - PL)(EBD) 2

These sums are formed by initializing mean and variance accumulators to
zero whenever Operation 9, Figure 63, is entered from the Operation 8
direction. Each pass through the landing point loop augments these
accumulators as shown to account for the effects of another fallout disk.

12. When the contributions of a fallout disk to the mean and variance
accumulators have been added, the program tests whether there is another
disk to consider. If there is, the routine transfers back to an earlier opera-
tion by way of the "D" connectors. If all of the disks of all of the weapons
of the strategy have been considered, the values in the accumulators are the
desired quantities. The parameters determine the distribution of fallout
for a specified location, strategy and wind season.

13. The program selects a shelter from the catalog for which probabil-
ity of surviving nuclear radiation computations are to be made.

14. The program now computes the probability of surviving radiation
given the wind season, strategy and shelter. The radiation absorbed by
shelter occupants has two components, prompt and fallout. The prompt
parameters were computed in Operation 6 of Figure 63 since only the
shelter location and strategy are needed for this corn putation and the
results apply to a particular wind season. The parameters for the com-
posite distribution are

p fo
= (PF)p + 4So

2 2 2

2 2(PF)p (PF)fo

In these relations separate protection factors for a particular shelter type
are used for prompt and fallout nuclear radiation. The values are input
as part of the catalog. The program then computes the probability of

32
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surviving radiation at this location given the wind season and shelter. The

procedure involves an input probability of survival vs EBD table and the
normal probability density function of radiation dose which is a function
of P and a. The procedure is discussed in another section.

15. This instruction computes the probability of surviving radiation by
taking all wind seasons into account. Separate probabilities are computed
for each shelter type. The probabilities apply to the strategy selected
under Operation 5, Figure 63. The computations are made by setting up
an accumulator for each shelter type and initializing these words to zero.
These operations are part of Instruction 7 of Figure 63 when approaching

from the Operation 6 direction. Instruction 15 is in a shelter loop which
is part of a larger wind season loop. Instruction 14 computes the prob-
ability of survival for a particular shelter and wind season. Instruction 15
multiplies this value by the probability of the wind season and adds the pro-
duct to the previous value in the accumulator for this shelter type.

16. This operation is to test whether all the shelters have been consid-
ered for a particular wind season. If they have not, the program transfers
back to Instruction 13 via connector "F". The routine then considers the
next shelter type in the catalog.

17. If all the shelters have been considered, the routine tests whether
all the wind seasons have been taken into account. If they have not, the
program transfers back to Instruction 7 via the "C" connectors. The rou-
tine then proceeds to add the contribution of the new wind season to the
probability of surviving nuclear radiation of each shelter type. If all th-e
wind seasons have been considered, the probability for each shelter is
correct for this strategy.

18. The program now sets up another shelter loop which computes the
probability of surviving the other weapon effects and the overall probability
of survival for each shelter. These computations apply to one strategy.

19. This operation is shown on Figure 65. The instruction computes the
probability of surviving blast when protected by this shelter type at this
location given that this strategy occurs. The procedure is discussed in a
separate weapons effects section.

20. This instruction computes the probability of surviving thermal radiation t i
if protected by a shelter of this type. The procedure is also discussed in a 4.
separate weapons effect section.
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21. Part of Operation 4, Figure 63 consists of setting up an overall prob-
ability of survival accumulator for the unsheltered population at this location
and for persons protected by each shelter type in the catalog. Operation 21
includes the computation of the overall probability of survival for this loca-
tion, shelter type and strategy. The computation is made by forming the
product of the independent probabilities of surviving prompt and fallout
nuclear radiation, blast and thermal radiation. This product is then mul-
tiplied by the likelihood of this strategy and the new sum is added to the
overall probability of survival for this shelter type.

22. If a!! shelter types have not been considered, the routine transfers
back to Operation 18 via connector "G" and the overall probability of sur-
vival accumulator for a new shelter is corrected for the current strategy.

23. If the effects of all strategies have not been included in the overall
probability of survival accumulators, the routine transfers back to Opera-
tion 5, of Figure 63 and the procedure described is repeated for another
strategy.

24. When all of the strategies have been taken into account, the contents
of the overall probability of survival accumulators are the desired shelter
vector. There is one element of the vector for the unsheltered population
at this location and another for each of the shelter types in the catalog.
Since one vector is not used to compute another vector at a different loca-
tion, the computed vector is merely stored on tape.

25. The program now continues to search the BPM. If another non-zero
element is found, the operations are repeated for the new location using
the same core addresses. If no such elements are found, the shelter vec-
tor tape is completed and may be listed or used as input to the Phase I' or
Phase 11 programs.
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PHASE II I

This program may be considered to consist of two parts. The first
part reads the shelter probability of survival vectors from tape, one at a
time. The vector is essentially converted to a vector of inverse cost
effectiveness (ICE) and conversion inverse cost effectiveness (CICE). The 4
procedure followed develops the optimal assignment sequence for the sin:'-
gle location. The converted vector is then stored in the computer fast-
access memory. The first part of the program is complete when an ICE/
CICE vector for every non-zero element of the population matrix has been
stored. The second part of the program operates on the ICE/CICE vectors
to generate the optimal shelter assignment sequence for the array. The
assignment sequence is stored on tape and is used as input to the Phase
III and IV programs.

The basic flow diagram is shown beginning on Figure 66. The pro-
cedure is quite simple although some of the required bookkeeping operations
may make the diagram difficult to follow without the accompanying text.
The validity of the ICE/CICE procedure for generating the optimal shelter
assignment sequence for a single location and for the entire array is dis-
cussed in another section.

1. The routine reads a shelter vector from tape. This vector includes i
the probability of survival of the unsheltered population at the location for
this vector and a probability of survival for each shelter type in the catalog.
The program computes a modified ICE/CICE vector which contains an
entry for each shelter type, information indicating which shelters of the
catalog appear in the optimal assignment sequence for this location and
what this sequence is. The ICE/CICE vector is then stored in the fast
access memory. The routine tien tests whether there is another shelter
vector on tape. If there is, the program transfers back to Operation I
via the "A" connector.
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2. There are several working numbers required by the program book-
keeping. These numbers will be described as they are used by the program.

One of the operations at this point is to set the shelter number counter, i,
to 1.

3. The program sets up working values of the ICE/CICE vector. This
vector has an entry for each shelter type in the catalog but no entry for
the unsheltered population. The values in this vector will be called WICE
to indicate that they are working values of quantities related to ICE and
CICE and which contain all of the information of the real ICE and CICE
values. The initial WICE are set to zero. It is also imagined that the.
WICE may be specially marked in two independent ways. One of these marks
will be called "infinity" and the other a "flag". The actual computer opera--
tions to which these marks correspond are not of interest in this discussion.
The initial zero values of the WICE are unflagged.

4. The program now selects shelter type i. The quantities of interest
are WICE i , the shelter vector entry PS i and the bookkeeping variables. r
After the operations for this shelter type are completed, the program,
in general, returns to this instruction via connector "B".

5. The routine tests whether the 'NICE for shelter type i is flagged. If
it is, the routine transfers via connector "C" and proceeds to test for
another shelter type. On the first pass through the shelter numbers, all
WICE are unf lagged and the answer to this query is no.

6. The next operation is a conditional transfer depending on the relative
magnitudes of the probability of survival given shelter i and PS. One of the
operations of Instruction 2 is to set PS equal to the probability of survival
of the unsheltered population, given in the shelter vector, and the quantity
remains at this value .during the first pass through the shelter numbers.

Each time a new shelter assignment in the optimal sequence is made, how-
ever, PS is appropriately increased. In the first pass through the shelter
list, each shelter type, since it appeared promising enough to justify ma-
chine analysis, would be expected to afford greater security than no shel- I
ter or special countermeasure and the program Would transfer to 'D" of

Figure 67.

7. If the probability of survival afforded by shelter type i is not greater
than PS, the WICE is set to a flagged infinity. This indicates that shelter
i is not in the optimal assignment sequence for this location.

8. This procedure is shown on Figure 67. One of the operations of
Instruction 2, Figure 66, is to set PSH to unsheltered. In general, during
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a pass through the shelter numbers which seeks to identify the next '.ssign-

ment in the optimal assignment sequence, PSH is set to the number of the

last shelter type assigned which is the reference point for the new comp-

utations. If PSH is unsheltered, the per person cost of this countermeasure

is zero and the probability of survival is that for the unsheltered situation.

Under these conditions, Operatior, 8 computes the ICE for shelter i. In the

general case, the instruction computes the CICE for a conversion from

shelter type PSH to shelter type i. The probability of survival for shelter

type PSH is always equal to the quantity PS of Instruction 6, Figure 66. The

redundant symbols could be removed from the flow diagram.

9. During a pass through the shelter types, the routine not only computed

a new WICE for each shelter type which has not yet been assigned (flagged)

or discarded (set to flagged infinity) but also remembers the minimum WICE
computed. This is accomplis hed by setting a number MIN to infinity during

Operation 2 of Figure 66. Each time a new WICE is computed, it is com-

pared with the current MIN value. If WICE is the larger, the routine trans-
fers to the logic which selects the next shelter type via connector "C".

10. If ICE is smaller, which means its cost effectiveness is better than
MIN, thc WICZ for shelter i replaces some previous WTCE as the new
value for MIN. The shelter number i also replaces the previous value of

SH which is the shelter number to which the WICE in MIN applies.

11. The program now compares i with the number of shelters in the cata-
log. If they are equal, this pass through the shelters is complete and the
program transfers to "E".

12. If all of the shelters have not been taken into account, the program

selects the next greater shelter numbcr and transfers back to "B" of Figure 66.

13. Whenever the program reaches this point it has completed a pass

through all of the shelters of the catalog. During the first pass, any shel-

ter which affords less protection than is naturally provided the unsheltered
population is discarded by setting its WICE to flagged infinity. An ICE for
all remaining shelters has been computed and stored in the WICE for the

shelter type. The minimum ICE, which is the best inverse cost effective-
ness provided by the available shelter types at this location, has been iden-
tified and stored in MIN. The shelter number corresponding to MIN is stored
in SH.

During any pass through the shelter types after the first, any shelter
which affords less protection than the last shelter type which has been inclu-

ded in the optimal assignment sequence is discarded by setting its WICE
to flagged infinity. A CICE for all remaining unflagged shelters has been
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computed, based on the last shelter assignment, and stored in the WICE
for the shelter type. The minimum CICE, which is the best conversion
cost effectiveness provided by the remaining (not discarded or assigned)
shelter types at this location, has been identified and stored in MIN. The
shelter number corresponding to MIN is stored in SH.

14. When, after a pass through the shelter types, MIN is still set at infin-
ity, all of the shelter types which should appear in the optimal shelter
assignment sequence for this location have been assigned. The routine pro-
ceeds to the final operations for this vector by way of connector "F"

15. If, after a pass through the shelter types, a minimum WICE has been
computed, shelter type SH is the next type in the optimal assignment se-
quence. The assignment is noted by entering the sum of MIN (which is the
minimum WICE computed on the last pass through the shelter types) and
the quantity PRV in place of the WICE for shelter type SH (the shelter type
corresponding to the CICE in MIN). The quantity is then flagged. It is
seen that a flagged infinity for some WICE entry indicates that shelter type
has already been assigned and also need not be considered on later passes
through the shelter type. The quantity PRV is the value stored as a WICE
for the last shelter assigned. This procedure is a device to permit the
order of the shelter assignments to be reconstructed from the order of the
magnitudes of the flagged WICE without committing additional fast access
memory to record this information.

The number MIN is reset to infinity so that it may again be used to

record the minimum CICE on the next pass through the shelter types.
The probability of survival for shelter type SH is stored in PS. The number
of the current sheltered assignment, SH, is stored as the number of the
previous shelter assigned, PSH. It is remembered that the operations
shown are redundant inasmuch as the probability of survival for shelter
type PSH is equal to PS. The number stored as a flagged WICE for shelter
type SH is stored as PRV for use during the next shelter assignment. The
routine now sets the shelter number i to 1 and transfers to "B" of Figure
66 for another pass through the shelter types.

16. This operation is shown on Figure 68. At this point all of the values
in the WIC E vector have been flagged. The flagged infinities correspond to
the shelter types which do not appear in the optimal shelter assignment
sequence at this location. The other values consist of an ICE and modified
CICE values. The routine unf lags all WICE not set at infinity.

17. The program now examines each WICE of the vector and determines
the shelter number, j, corresponding to the minimum WICE. The j value
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is stored in the one additional word associated with the vector. The word
contains the i, j numbers which locate the vector in the population matrix,
the j which identifies the shelter type of minimum WICE and one other fact.
The word may also be flagged.

18. The other fact in the data word associated with the vector is the num-
ber of the previous shelter assigned which, at this point, is set to unshel-
tered.

19. The working WICE veitaor is now complete and is transferred to its
permanent location in the fast access storage. It is now referred to as a
PICE vector.

20. The program tests whether a PICE vector has been assembled for
every non-zero element of the BPM. If this is not the case, a new vector
is computed, using the working WICE storage, for another location by
transferring back through connector "A".

21. Upon first reaching this point in the program, the optimal assignment

sequence for each non-zero element of the BPM has been determined. The

program now prepares to merge these results to obtain the assignment
sequence for all of the non-zero elements of the population matrix. The
program sets MIN to infinity. This counter is used in the operations which _0
result in the identification of the location and shelter type of best cost
effectiveness. I
22. The program now prepares for a pass through the PICE vectors to

find the minimum PICE. The routine selects the first vector in memory.
After performing the required operations, the routine returns to this
instruction by way of connector '1i", picks up the next vector, and so on.

23. The first operation on the vector is to test the data word for a flag.
The presence of a flag would indicate all of the useable shelter types at
this location have been assigned.

24. If the flag has not been set, the program compares the minimum
PICE with MIN. This value is not found by scanning the PICE vector but
rather by reading the value directly after noting the corresponding shelter
type in the data word. If the best cost effectiveness at this location is
inferior to the cost effectiveness of some shelter t%,pe somewhere else,
the program considers the next PICE vector by r.nsferring to point "I".

25. If the best cost effectiveness at this location is superior to the best
previous value found on this pass through the PICE vectors, the value of
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the best PICE, which is a correct CICE and applies to shelter type j,
replaces the previous value in MIN. The vector number q is also stored.

26. If this is-not the last PICE vector in memory, the routine considers
the next vector by transferring back to point "H".

I
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27. This operation is shown on Figure 69. Whenever the program reaches
this point, a pass through the PICE vectors has been completed. If MIN
is still set at infinity, no new shelter assignment has been found and the
output optimal shelter assignment sequence tape is complete. This tape
is input to the Phase III and IV Programs.

28. If a new MIN has been found, the routine sets up a record for the out-
put shelter assignment tape. MIN is the correct current ICE/CICE level
at which the assignment is made. The value of this quantity, which is the.
cost per survivor added for the assignment or reassignment, increases
from record to record. The i, J numbers which indicate the location where
the assignment is made, the previous shelter type and the type currently.
being assigned are found in the data word for PICE vector q. The increase
in cost per person sheltered is

CJ Cj previous

The increase in survivors added per person sheltered is

j Cj previous
MIN

29. The assembled record is output on the optimal shelter assignment
sequence tape.

30. The routine now prepares for another pass through the PICE vectors
to determine the next shelter assignment. The PICE for shelter j of vec-
tor 1 is set to a flagged infinity. This shelter type will not again be con-
sidered at this location.

31. The program subtracts MIN from each unflagged PCE of vector q.
The minimum PICE is now a correct CICE although the other PICE are
still artificially augmented to establish the same numerical ordering as
the optimal shelter assignment sequence at that location.

32. The binary digits of the data word of PICE vector q which indicate
shelter type j are now moved and replace the digits indicating type j pre -
vious.

33. The program now searches PICE vector q and locates the new min-
imum PICE. The shelter number corresponding to this PICE is stored as
a new j in the data word. If no unflagged PICE are found, all of the useable
shelter types at this location have been assigned and the data word for the
vector is flagged. The routine transfers to "G" and begins another pass
through the PICE vectors.
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EXTENDED PROGRAM CAPABILITIES

The program has two capabilities which are not described in the

previous flow diagram discussions. These are

• The variation of the protection afforded the unsheltered population I
in the different areas of the region by existing buildings

* The suitability of a given countermeasure type at a particular
location

The inputs which control the use of these program features are discumed
in detail later in this report. They are

* Shelter catalog
* Existing conditions catalog
* Shelter correlation input matrix

The shelter catalog defines the possible countermeasure types in terms I
of resistance to the different weapon effects and per occupant cost. If
shelter provisions are defined in this way, the same provision may
appear more than once. The cost of a specially constructed neighborhood
shelter, for example, may depend on whether the land is free, inexpensive
or costly. Some shelter provisions may not be possible. An example - - -

of this is the incorporation of shelters in new school designs for es-
tablished communities in which the schools have already been built.

The existing conditions catalog defines types of existing conditions
by the resistance of the unsheltered population to the different weapon
effects in that location and also by the ability of that location to accept
particular countermeasure provisions. If, for example, one of two
neighborhoods containing well maintained homes of good construction
had a park or school, both neighborhoods would have the same vulnera-
bility characteristics but only )ne could accept a shelter type for which
the cost had been based on the availability of public land. In this situation
two existing conditions states would be defined although the vulnerabilityinputs would be the same for both.
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The existing condition type number is included on each input card
of the population matrix. It is remembered that the cost effectiveness
of a shelter type at some location depends not only on the cost and hard-
ness of the shelter but on the threat and unsheltered population vulnera-
bility as well.

The coiumns of the shelter correlation innut matrix correspond
to the existing condition numbers. The rows correspond to the shelter
type numbers. The matrix entries are binary indications of whether a
particular countermeasure type should be considered at a location
characterized by a particular local conditions type.

The means by which the program uses these inputs are

* Binary population matrix
* Packed existing conditions table

The binary population matrix is the same size as the population dis-
tribution matrix. Each entry is a binary indication of wlether or not

the population in that element is greater than zero. Since only one bit
is required for each elernent of the population matrix, the binary popu-
lation matrix requires only 1/36 as many words in fast access memory
as the actual population distribution matrix.

The packed existing conditions table contains an entry for each
non-zero element of the population matrix. Each entry is the existing
conditions type number for that location. Four bits are used to store
the number. The table is packed in the sense that the numbers are not
stored for the zero population matrix elements. The table is therefore
a distorted area representation in the computer memory and cannot be
used directly for computations in which spatial relationships are im-
portant. The number of words required to store the table is 1/9 (4/3 6)
the number of non-zero elements in the population matrix.

In general, the program associates an entry in the packed existing
conditions table with a particular non-zero bit of binary population matrix.
The location of the non-zero bit in the undistorted binary population matrix
implies the i and j values of the population matrix element under considera-
tion. The next computation is made by considering the next four bits of
the packed existing conditions table. The program then tests the bits,
one at a time, of the binary population matrix until the next non-zero bit
is found. This procedure maintains the correlation between the distorted
existing conditions table and the undistorted binary population matrix.

The next four bits of the existing conditions table is found by
shifting the current word four places between computations. The active
bits always appear in the same location within the word. The program
determines whether all the entries in a word have been considered by
testing fcr zero in the active bits location. This procedure limits the
number of existing condition types to 15(1 + 2 + 4 + 8). If another type
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is required, the program could be changed to count the number of shifts.
If more than 16 are required, it would be necessary to change the model
bookkeeping by using fewer than 9 entries per word of memory.

The Phase I program computes a shelter probability of survival
vector for each non-zero element of the population matrix. Each vector
has an element for every shelter type in the shelter catalog. For shelters
vtich are not useable at this i, j, the overall probability of survival is
set to zero. The programming by which this is accomplished is shown
on the following simplified flow diagram. (See page 3-44)

The Phase n program consists of two parts. The first part
converts each probability of survival vector to a vector of ordered cost
effectiveness values. The zero probability of survival values which
appear for shelter types which are not useable at this location are con-
verted to flagged infinites in the resulting ordered cost effectiveness
vector. The second part of the program considers the entire set of cost
effectiveness vectors and generates the optimal shelter assignment and
reassignment sequence. Shelters never appear in this sequence at
locations where their use is not permitted by the program inputs.
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WEAPON EFFECT SUBMODELS

BLAST AND SHOCK

The probability of survival from blast and shock phenomena was

considered previously in conjunction with the probability of survival fronr- -
thermal radiation* effects since the interaction of the blast and thermal
effects on personnel is not well defined. A single radius was considered
within which the probability of kill from either blast or thermal effects or
both was represented. The radius was taken to be the larger of the two I

radii corresponding to the critical peak overpressure and thermal radius
values which were model inputs.

To permit more flexibility in the analysis so that the effectiveness I
of particular countermeasures can be evaluated, a separate probability
of survival for blast effects and for thermal effects is now calculated by

assuming the blast and thermal effects on personnel to be independent.
The assumption of the independence of the blast and thermal effects on
personnel, although unrealistic, was made to permit continued progress
on the evolution of countermeasure analysis and optimization programs.
Reference 11*appears to contain the most realistic probability of target
kill as a function of distance from detonation point data presently avail I
able. Fitting analytic expressions to this data is considered to be a
useful growth item. for the program.!

The calculation of the probability of kill from blast effects is
now computed in the same manner as described earlier in this report.

* Ref. 11 "Prediction of Urban Casualties from the Immediate Effects
of a Nuclear Attack," Final Report, the Dikewood Corporation,
DC-FR-1028, April 1963 (Confidential)
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THERMAL RADIATION

As described in the preceding topic, the calculation of the probabil -
ity of surviving thermal radiation has been separated from the calculation
of the probability of surviving blast. In addition, a change has been made
in the calculation of the probability of survival of personnel in designated
shelters. Previously, personnel in designated shelters at the time of det-
onation were assumed to have a 100o probability of surviving the primary
and sc.uadary thermal effects. This assumption implies that the sheltersI
were completely fireproof and would remain so regardless of the initial
thermal radiation impinging on the shelter and the resulting fire storms
and conflagrations, if any. This assumption is unrealistic and the presentprogram allows for a decreased probability of survival from thermal rad-

iation for sheltered personnel by Incroporating a concept of a thermal
factor for each shelter type. The thermal factor is based on a I KT yield
and is a thermal radiation value, calories per square centimeter, such
that if the shelter receives that thermal radiation value, the probability
of the shelter surviving is 50%o. As before, the probability of personnel in
the shelter surviving is taken to be the probability of the shelter surviving.-
The thermal factor for a particular shelter is a function of the building
material of the shelter, its manner of construction, etc. The thermal rad-
iation value for 50%7o probability of survival for yields greater than 1 KT can,
be obtained for each shelter by multiplying the thermal factor by the eighth
root of the yield in kilotons. For example, a shelter which has a thermal
factor of 50 cals/cm2 would have a 50%7 probability of surviving if it received
50(10,000)1/8 = 158 cal/cm2 from a 10 MT yield. The scaling factor WI/8
seems to describe the yield dependency of critical ignition values quite
adequately and was obtained .y examination of the empirical data relating
critical ignition energy with yield and type of combustible material.

The calculation of the probability of survival of sheltered personnel
can be computed in the same manner as unsheltered personnel by use of
the thermal factor to determine the radius corresponding to the 37%
probability of kill and using this radius in the bomb damage function.

Although the use of the thermal factor permits the calculation of a
probability of survival for sheltered personnel and is an improvement over
the manner in which thermal radiation effects were previously considered,
the effects of fire storms and conflagrations have not as yet been directly.
included. The survival of the shelter and personnel depends not only on the
primary thermal radiation but also upon meterological factors, fuel char -

acteristics and other environmental characteristics in the immediate vicin-
itv of the shelter location in the target area. Several documents have been
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received (References 12* and 13**) and have been perused for relative j
information upon which a model of fire storm or other secondary therrna.
effects can be based.

NUCLEAR RADIATION

Several changes and additions have been made to the manner in
which the initial and residual nuclear radiation effects are calculated and
included in the analyses.

Initial Nuclear Radiation

The equation for determining the initial nuclear radiation'dose
as a function of slant range, height of burst, and yield was derived
earlier in this report. The range of the scaling factor, W', was in-
creased so that yields up to 20 MT could be incorporated in the analyses.
The additional scaling factor ranges are:

W4.57 W2 26  10 10, 000 < W I 15,000

!. 44 W3 . 5 8 x 10,1 0  15, 000 < W5 _20, 000 j
where W is the yield in kilotons.

Another change was made in the inclusion of nuclear radiation pro-
tection factors. Previously, a single protection factor was used to describe I
the attenuation of nuclear radiation by a shelter. The protection factor
was the same for both initial radiation and fallout. However, the protec-
tion factor of a shelter will generally differ for the two forms of nuclear
radiation due to the greater energy of the initial gamma rays. Therefore,
two protection factors are now used in the programs, one for the initial
nuclear radiation, the other for residual nuclear radiation (fallout).

The biggest improvement in the program has been in the inclusion
of bomb aiming errors in the determination of the dose due to initial nuclear
radiation. While the probability of survival from blast and thermal effects
have always included aiming errors in their calculation, previous initial
nuclear radiation dose calculations considered the bomb to detonate directly .

above the aim point.

* Ref. 12 "Prediction of Fire Spread Following Nuclear Explosions,"
U. S. Forest Service Research Paper, PSW-5, 1963.

** Ref. 13 "A Study of Mass Fires and Conflagrations," U.S. Forest
Service Research Note, PSW-N22, 1963.
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Assuming reasonably small aiming errors, and ignoring higher'
moments, the biological dose due to prompt radiation is assumed to have a
normal distribution. The mean value is:

109k [3 -D/360 -D/21

R e +15.5We 01

where

R= initial nuclear radiation dose (reins)

D = slant range (yards)

W yield (kilotons)

and W' and k are functions of yield and/or height of burst. The variance t

of the prompt dose is

2 -/6 1 2 -D/210 2
Y2  [3.2W'( , + e 15. 2 W + 50 e x

[,09k ]2[ 1+H 2] a2 ID2 I + (H/D)2 .

LD2  L ''J Bj

where

H - height of burst

,2 = variance of weapon aiming error.
B

-

Residual Nuclear Radiation

Previous calculations of the residual nuclear radiation dose con-
sidered the bomb to detonate at a specified altitude above the aim point and
the fallout was deposited through the action of a constant velocity, com-
pletely deterministic wind which was a model input. The. present program
provides for a probabilistic wind, which is characterized by a vector having
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a mean velocity and a standard deviation. The concept of a vector standard
deviation will not only permit a more realistic wind environment, but will
allow for bomb aiming errors to be incorporated into the calculations of
the probability of surviving nuclear and radiation.

To facilitate inclusion of bomb aiming errors and probabilistic I
winds, a different process is utilized in determining the Effective Bio-
logical Dose than has been previously described. The previous program
considered the residual dose received at a particular location to be divided
into two parts, the dose received up until the final fallout disk landed at
the location and the subsequent dose from all the landed disks at some
later time which was taken to be 72 hours. In building the Effective
Biological Dose up until the last disk of interest fell on the location, the
one hour dose rate of the disks that had landed by a time, t, was adjusted
to the time t by the factor t 1 " 2 and this dose rate was assumed constant
for the time interval until the next disk landed. This process was repeated
until the last disk landed. The model was programmed in this way to
facilitate calculations of the radiation dose received by personnel passing
through elements on their way to shelter locations.

The Effective Biological Dose is now determined for each disk and '
is defined to be 2

t2

Effective B iological Dose (rems)= r1 f [ Tt2 + 2e (t-t2)]dt

t

where
r i = dose rate at i hour for the disk (rem/hr) A

t i time at which the disk landed or entry into the fallout area (hours)

t 2 - time of departure from fallout area (hours)

irreparable body fraction

- body repair rate (fraction per hour)

In most cases, more than one disk will cover any location and the
Effective Biological Dose will be the sum of the Effective Biological Doses
of the disks covering the location. As was the case previously, the integral
is assumed to take its maximum value at t2  72 and this maximum value
is used in the analyses.
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The landing position of an arbitrary fallout disk has not only the
uncertainty induced by the random wind, but also the uncertainty of the
weapon detonation point. The combined effect is to produce a circular
normal distribution of the landing point of the center of the fallout disk.
The mean central landing point is the weapon aim point displaced by the
product of the time down and the mean wind velocity. The landing point
variance is

2 2 2
2 L W D

2
where (7 B is the variance of the weapon detonation point.

Knowing the radius R of a specific fallout disk, its mean landing
point and its variance, L2 , it is possible to compute the probability of
this disk covering an arbitrary point. This probability is defined in Ref-
erence 14* as the circular coverage function

-r2/20,L2  R/L

PL e _t2/2 I (rt/'L) dt :

0

where r is the distance from the arbitrary point in question to the mean
landing point of the disk, t is a dummy variable, and Io(z) is the modified
Bessel function of order zero.

The integral equation for P has been expanded into a series approx-
imation which converges with reasonable speed for all values of interest.
This series is

ex 1 : xn [ eY x
PL e

n=O m=O

where

x = r/2 LR2/2 cL2

Since

PL < 10  for r > R + 3.620"L ,

it is assumed that PL is zero in this case. In other words, it is assumed
that any disk whose mean landing point is more than R+ 3.62O"L from the
point in question cannot cover that point.
• Ref. 14* "The Circular Coverage Function," H.H.Germond, A

Rand Corp., RM-330, 29 January 1950.
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The effective biological dose (EBD) contributed at a point by an
arbitrary disk is seen to be a random variable. The value of this dose
is the EBD of the disk, if the disk covers the point. On the other hand,
if the disk does not cover the point, the contributed dose is zero. The
dose contributed by the disk consequently has a Bernoulli distribution
with probability PL and value EBD. The mean of this dose is

PL (EBD)

and the variance is

- pL)(EBD)2 . j
Since there are a large number of disks, each having a different

EBD and PL relative to a particular point, it is desirable to obtain an ex-
pression for the distribution of the total fallout EBD at the point. Unfor-
tunately, no simple exact expression exists for the distribution of the Sum
of several Bernoulli distributed variables having different parameters.
Because of the large number of disks, however, we can make use of the
central limit theorem which allows the total dose to be approximated by a
normal distribution whose mean is

, PL(EBD)

and whose variance is

PL(O - PL)(EBD)2

Radiation Survival Probability

At each non-zero population element, the probability of surviving
radiation is computed from the distribution of the effective biological dose
due to both prompt and fallout radiation. The combined biological dose is
normally distributed with mean given by

R . Ufo

U (PF)p + (PF)fo

and variance given by 2

(PF) (PF)fo

3-51



OC) Soft Target Study

where

Ri  mean biological dose fro m initial radiation

Ufo = mean effective biological dose from fallout radiation

2 = variance of initial radiation dose
p
20y - variance of fallout radiation dose
fo

(PF)f = shelter protection factor against prompt radiation

(PF)fo -- shelter protection factor against fallout radiation

As in the Dynamic Analyzer Model, this model makes use of the
conditional probability of survival, given an effective biological dose. I
Unlike the previous model, the present model assumes the conditional
survival probability to be a stairstep function which is evaluated at equal
increments of probability. The increments of biological dose are, in
general, not uniform, but depend upon the nature of the function. The
cumulative normal function is used, although other functions can easily
be substituted. Figure 71 illustrates a 20 point approximation to the
cumulative normal survivability function which is presently used.

0.8 -

, 0.5 -

0.4

0.2

0.0

Mea I.*ha

If II
tlIl Dwee

FIGURE 71 PROBABILITY OF SURVIVING RADIATION
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The radiation survivability must be evaluated over the statistically

distributed biological dose that is received. The following equation is used.

n

P(S)= F(mF 4-

where Em -U

F(Em) f e dx

-00

F(Em) = the probability of EBD being less than Em.

Er- the tabulated values of EBD for equal survivability increments

n = the number of increments in the survivability function.

it
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FIGURE 72 EFFECT OF SHELTER DEPLOYMENT
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OPTIMUM SHELTER ASSIGNMENT

4

In general, it is desirable to build shelters of a type and in locations
such that the most benefit is obtained per dollar spent. The previous shel-
ter optimization programs assigned and/or reassigned shelters on the
basis of decreasing cost effectiveness for consecutive assignments. This
technique is described and verified in the following paragraphs.

A curve of total shelter system cost versus the expected number of
survivors added by the system of shelters is highly useful in the develop-
ment of an optimal shelter deployment scheme. Having generated such a
curve, the operating pdint can be determined. Otherwise, the desired ex- j
penditure or some other parameter defining the operating point would be
required as an input. As previously discussed, this would be unacceptable.

A number of curves of cost versus survivors added can be generated
as illustrated in Figure 72. In general, such curves will depend upon the
shelter deployment at each cost level. Clearly, the optimum set of shelter
assignments is the one adding the greatest number of survivors at each
cost level, i. e., the shelter assignment and re-assignment sequence pro-
ducing the right-most curve of cost versus survivors added. A technique
for generating this sequence will now be discussed.

The assumption is made that by some method, as yet undetermined,
an optimum set of shelters has been selected and emplaced. This allows
a point on the optimum cost effectiveness curve to be determined. In order
to obtain additional points on the optimum curve, it is necessary to deter-
mine the effect of increasing expenditures. Since the most efficient expen-
diture is desired, those wixich decrease the expected number of survivors
will not be considered.

Starting with the optimum set of shelters at the initial cost level,
additional expenditures can be made in two optional ways:

1. Plan additional shelters for previously unsheltered population.
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2. Replace some of the previously planned shelters with more I
expensive (and more effective) shelters at the same location.

The most effective expenditure will be the one which adds the greatest num -
ber of survivors for the money expended. In other words, the better of
the two options is the one for which

d (cost)•
slope =d(survivors added)

is a minimum.

Considering-Option I first, let C be the cost per person sheltered
with a type i shelter. Pia is the probabilityof survival with this shelter
aloainNistat to sr iva wt his shelter4

cation a, N is the populaton at element a, and Pua is the proba-
bility of survival without shelter at this location. The cost of sheltering
n people is

cost= nC i . -

The expected number of survivors with n people sheltered is

S= nPia +(Na n)Pua'

and, in the absence of shelters, the expected number of survivors is

Su =NaPua.

The number of survivors added by sheltering n people is consequently

SA= SS =n(Pia ua .

Differentiating with respect to n,

d (cost)
dn i

and __

d(SA) p. p
d n ia ua

so d (cost) C1lope d(SA) p ia- Pa = (ICE)i

The slope for Option I is simply the quantity which has been defined as .
the inverse cost effectiveness or ICE. When assigning shelters at
previously unsheltered locations, the optimum shelter type and location
is the combination having the smallest ICE.

Considering Option 2 next, let the entire population of element a be
initially sheltered by type i shelter. The cost of replacing the type i
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shelters by the more effective type j shelters for n people in this element

cost n(C C)

The expected number of survivors is

S = nPja + (Na - n) Pia.

The expected number of survivors using only type i shelters is

S. = N P.
i  aia

The number of survivors added by the replacement process is conse-
quently

SA= S -S.= n(P. - P.)

Differentiating with respect to n,

d c. - c(cost
dn

and

d (SA) AVp=P. P.

dn ja iaso C -C i

slope = d (cost) T CICEd (SA) =P. P. CC -

The slope for Option 2 is simply CICE as defined earlier. The
optimum replacement of shelters is the one which yields the smallest
CICE.

The most effective shelter to replace a previously assigned shelter
is not necessarily the shelter having the smallest value of ICE. For
example, Figure 73 illustrates a graph of the cost versus the survivors
added by using three different sheher types at a single location. Lines
OA, OB, OC are generated by providing shelter types A, B, and C,
respectively, to part of the population. Points A, B, and C are reached
when all of the population is sheltered. For expenditures less than CA ,
it is most efficient to use only type A shelters.

For higher expenditures, line AB is generated by a mixture of type
A and type B shelters. Similarly, line AC is generated by using both
type A and type C shelters. If the choice of a shelter to replace type A
shelters were based on the ICE value, type B shelters would be used, since
the slope of OB (the ICE value of shelter type B) is less than the slope of
OC (the ICE for shelter type C). The CICE value of shelter type B (the
slope of line AB) is greater than the value of CICE for shelter type C (the
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slope of line AC), however. Examination of Figure 73 shows that path AC
represents a more efficient expenditure than path AB. Consequently, the
use of CICE rather than ICE appears to be justified.

CI
0

o Survivors Added

FIGURE 73 SHELTER ASSIGNMENT SEQUENCE

The replacement of shelters at one location with more efficient,
more expensive shelters at another location is always an inefficient pro-
cedure. For example, it is assumed that na type i shelters have beenemployed at positi(,n a. These are to be removed from the shelter plan

and replaced by nb Lype j shelters at position b. The cost of this trans -
action is

cost = nb C - naC i

The number of survivors added is

SA n bnbSjb n aSia

where
S jb Pjb - ub

and
S. =P. -P.ia Pa ua
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Consequently the value of CICE for the replacenment is 4

ICE b

aThe value of ICE for building he shelters at position is

C.
ICE =~-

Sincte vau fIEfrbidnhe shelters at position awr sindiiilyo h baisso

C. C.

S b Sjb

so

-aC S ~'aC S.ijb jia'

and
Sjb(bt, - aC =s. C (liSjbaSa)

Consequently,

bC. -aC. C.

~jb ~ia Sib

or
CICE ICE

It is consequently more efficient to plan a few additional shelters at location
h and to leave the previously planned shelters at location a than to plan
any replacement of shelters at a by more efficient shelters at b.

Al
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OPTIMIZATION PROGRAM INPUT, OPTIONS

I4
I

This section describes the .various input options available for use .
in the Multiple Effects, Weighted Strategy Optimizer Program. The pro- V
gram is written in a manner which permits a generally unrestricted
amount of data to be used with any particular option. However, the total
amount of data which the computer can handle is necessarily limited.
Thus, a large number of shelter types in the shelter catalog necessarily
limits the number of non-zero elements which can be used in the popu-
lation matrix and/or reduces the number of threat strategies which can t
be employed. J.
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THREAT STRATEGIES
4

It is argued that it is not possible to deslinan optimum counter-
measures system because the exact nature of the enemy's threat strategy
cannot be known in advance of an attack. However, It is true that certain
strategies appear to be more desirable to the enemy than others for parti-
cular target or target area and mission objectives. In order to make
possible a meaningful definition of an optimum countermeasures system
at any level of cost, the program incorporates an option which permits
the analyst to define and use a number of strategies for the optimization
proced-ire, each identified with the probability (given that an attack

occurs) that that strategy is the strategy which will be used.

Strategy Desi!en Options

There is no limit, other than program running time, on the
number of strategies which may be used for a single program run for a
given target-population situation.

Weapon Cataog

All of the strategies for a single run may use only weapons listed
in the weapon catalog. The weapon catalog is an input option and may be
different for each run to conform to the characteristics of the target of
interest. Each weapon is defined in terms of yield, radiation conversion
efficiency, detonation altitude, number of altitude increments (for use by
fallout model), CPE, and an identification word or name to simplif; com-
parison when the same weapon is used for more than one run. An example
weapon catalog is shown in Table V.

Conversion Detonation

Weapon Yield Efficiency Altitude Altitude CPE
Designation MT % K Feet Increments Feet

AAA 80 0 10 1000

BBB 5 60 -0 20 1000

CCC 5 60 15 15 3000

DDD 10 50 0 20 2000

EEE 10 50 25 15 4000

FFF 20 50 30 15 5000

TABLE V WEAPON CATALOG
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Strategy Definition

Any number of strategies necessary to define the nuclear threat
to a target area may be defined. Any number of weapons may be selec-
ted from the weapon catalog to define each strategy. Weapons may be
used in any combination and each weapon may be used as many as five
times. Each weapon is assigned a specific target aimpoint and more
than one weapon may be assigned to the same aimpoint. There is no
specific restriction on strategies and aimpoints and any conceivable stra-
tegy which can be made up of weapons from the input catalog will be
accepted by the program. It should be noted, however, that weapon yieds
in the sense that they are used here are not additive. That is, two five
megaton weapons cannot be used with a single aimpoint to simulate the
effect of a ten megaton weapon, but would be considered by the program
to be two independent bursts. An example threat strategy table using the
weapons from the catalog in Table V is shown in Table VI. The aim point
designations shown under each weapon are the i, j coordinates of the
target area-population matri.-Whtlethese-coordinates do correspond
to possible aimpoint for various missions against the Dallas-Ft. Worth
area, they are given as examples only and it is not the purpose of this
report to argue the validity or accuracy of the choice of aimpoints or the

relative probability of employment of the strategies.

Weapon Aim Points

Strategy
Designation Probability AAA 88 CCC DDD EEE FFF

1 .1 14,6

15.48
20, 15

.25 14.6

3 .05 14.6 5.10
5, 30

4 1 10,16
26,16
10,48
26,48 14,6

5 .2 14, 6 15, 48

6 .3 14,6

TABLE VI EXAMPLE THREAT STRATEGY
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WIND MODEL

In a target area characterized by prevailing winds which blow
almost invariably from the same direction and with a relatively constant I.
force, it might be possible to directly determine the areas where fallout
is a hazard and the degree of protection required. However, in most
areas where the wind varies greatly in both direction and velocity, the
probability of hazard from fallout for a given attack is not so obvious
and requires some method of taking into account the total probabalistic
wind environment for the time frame during which an attack might be
expected. One method is to choose a large number of wind vectors and
assign to each of these a probability of occurrence. For a program of .
the type herein described, a model of this type would make the computer
running time prohibitively long (three velocity vectors for each 10 degrees
of azimuth would require over 100 winds) and would introduce errors in
that some areas of the target area would incorrectly be designated as
never being downwind from a given burst point.

The wind model used here permits the use of one or more wind
vectors to adequately describe the statistical winds for a year or other
appropriate time frame of interest. The number of vectors required is
dependent upon the wind variation characteristic for the target location
and the desired degree of fidelity with which the wind environment is
represented. Each.wind vector used is described by its mean velocity,
mean direction, vector standard deviation and the probability of. occur-
rence at the time of an attack.

In the case where an attack at any time during the year is con-
sidered equally likely, the probability of a wind vector occurring at the
time of an attack would be the probability of the wind season occurring.
In the sample case (see Table VII) which uses one vector for each of four
seasons of equal length, the probability assigned to each wind vector is
0.25. If, however, it is determined to be more likely that an attack
will be launched during one season than another, the probability of
attack occurring during each season may be weighted accordingly.

Mean Direction Mean Vector 1
Clockwise from Speed Standard Probability

North Knots Deviation

Spring 082 31.5 20.4 0.25

Summer 282 03.7 13.2 0.25

Fall 095 16.5 20.7 0.25

Winter 085 37.8 22.3 0.25

TABLE VII SEASONAL WIND MODEL FOR FT. WORTH
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TARGET AREA ENVIRONMENT AND SHELTER CHARACTERISTICS
INPUT OPTIONS

For the purpose of this study, any measure, other than evacuation,
which decreases the degree to which any of the effects of a nuclear detoha-
tion are felt by an individual can be considered to be a shelter. Thus, a
particular building or a particular physical location designated as pro-
viding some measure of protection is a shelter in the same sense as an
elaborately conceived reinforced concrete underground vault. The
difference is in the incremental cost involved in elevating the protective
element to the status of a designated shelter and the degree to which
weapons effects are attenuated.

POPULATION MATRIX INPUT DATA

The population distribution matrix is described elsewhere in this-
report. Each element of the population matrix was described by i, j, 4
coordinate location and total element population. In the new program,
in order to make more efficient use of computer memory capacity, only
elements with a non-zero population are input. Each element is also
described by a word which identifies the class of existing shelter con -
ditions in that, element at the beginning of the optimization procedure.

EXISTING CONDITIONS

With no defined shelter system there still exists some level of
protection which is incidental to the ordinary working/living environment
of the population. Generally, the incidental protection against thermal
and nuclear radiation exceeds that found in a completely unprotected T"
environment but the probability of blast casualties may be greater in built-
up areas due to building collapse and flying debris. Incidental protection
is considered to include actual existing CD shelters at the beginning of the
optimization procedure. Incidental protection varies from one area to
another as a function of the general class of buildings and the level of
Civil Defense preparation in the area.

At the beginning of the shelter optimization procedure cost free 4
shelters of some type do exist for each element of the population and what
is generally called an unsheltered population is actually a population in an
incidental shelter environment which exists at no cost chargeable to a
Civil Defense Improvement Program. j

The original program considered all elements of the population to
be equally vulnerable to weapons effects. The new version of this program
accepts as an input a catalog of existing shelter conditions. Each of a
selected set of existing conditions is described in terms of its resistance
to weapons effects in much the same manner as the shelter catalog except
that there is no cost entry. Each existing condition is identified by a code
number and the appropriate number is included as part of the population
matrix input data for each non-zero population element. An example of
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existing conditions catalog is shown in Table VIII. The actual number of
entries is not specifically limited but is related to the total amount of
data used for the various input options and population matrix size. In
order to optimize the use of the program and conserve computer running
time, this table can be tailored for specific target area situations and new
information relating to vulnerability to weapon effects. While the entries
in this table are actual shelters, they are not available to optimization
program routines in the sense that an ineffective shelter in this catalog
cannot be replaced by a better shelter or shelter condition from this same
catalog. However, the actual shelter catalog may include shelters with
characteristics identical to some of those in the existing conditions
catalog.

Blast Thermj Prompt Residual
P.S.1. cal/cm P. F. P. F. Description

3 1. 5 2.3 Slum unpainted frame, trash, etc.

2 4 15 1. 5 2.3 Below average residence

3 5 15 1.5 2.3 Good, well maintained residence

4 8 40 7.5 100 Commercial, industrial, existing I~~fallout shelters

5 5 15 6 20 Type 3 with basement

6 5 15 1.5 2 Type 3 with free school land

7 5 Is 1.5 2 Type 3 with new school building
construction projected

TABLE VIII EXISTING CONDITIONS CATALOG A1

SHELTER CATALOG

A basic input to the program is a catalog of shelter types which
might be used in an optimum shelter system. As many as 40 shelter
types specifically selected as applicable to the target area of interest
may be listed for a single optimization run. An example shelter catalog
prepared for the Dallas-Ft. Worth area is shown in Table IX. Some of
the shelters listed are nothing more than a general maintenance activity,
some involve building modification, some involve incorporation of shelter
space in new construction and others are new structures exclusively for
shelters. This table is given as an example and is not intended to repre-
sent a complete catalog applicable to the target area of interest.
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Blast Thermal2  Prompt Residual Cost/Occupant Description - Application
p. s.i. cal/cm p.f. P.f.

A 5 60 1.5 2.3 10 Thermal coating on windows

Paint exterior trim

B 3 30 1.5 2.3 50 Slum clean up, paint up, etc.

C 4 45 1. 5 2.3 25 Improve below average residence

D 10 250 10 150 20 New school construction to incorporate
shelter protection

E 15 10,000 30. 1000 75 New shelter on free school land

F 15 10,000 30 1000 100 New shelter including site costs

G 30 10,000 30 1000 100 New shelter on free school land

H 30 10,000 30 1000 125 New shelter including site costs

J 50 10,000 30 1000 125 New shelter on free school land

K 50 10,000 30 1000 150 New shelter including site costs

L Ino 10,000 100 10,000 150 New shelter on free school land

M 100 10,000 100 10,000 175 New shelter including site costs

N 15 100 12 200 35 Improve existing fallout shelters 4

TABLE IX SHELTER CATALOG

Note that shelters E and F are identical except for cost. The
difference in cost reflects the difference in the cost of land and associated
siting expenses. The less expensive shelter is considered to be built on
free public land. This is used as an example case but it is possible to
include incremental land/siting costs for all types of shelters. This is
discussed in the shelter correlation input section. The shelter types in
this catalog are not ordered in any particular way because both the
effectiveness and ICE are a function of the element location and the nature
of the attack. :

Shelter Parameters T

The parameters used in the shelter catalog are based on the
following considerations and assumptions:

1. Blast. Structural resistance to blast is that overpressure at
which the probability of survival for the occupants is 0. 5. t
2. Thermal. Protection of personnel against direct exposure to
thermal effects is, in all cases, considered to be absolute.
Thermal protection is defined as that thermal exposure to the I
structure for which there is a 0. 5 probability of survival for the
occupants.
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3. Nuclear Radiation. Because radiation shieldings are not
equally effective against prompt and residual, separate protection
factors are listed for each effect.

4. Shelter Costs. Shelter costs are determined as the cost per I
occupant to provide a protective structure with the assigned pro-
tective characteristics. The cost does not necessarily represent
the total cost of the structure or even that portion of the structure
used as a shelter but may be the incremental cost of converting 4
an existing structure to improve its protective qualities. A

shelter cost might be the total cost of excavating and constructing
an underground concrete vault or simply the cost of installing
metal shutters on the windows of a residence to minimize the
probability of interior materials being ignited by thermal radiation.

SHELTER CORRELATION INPUT MATRIX

It is apparent that all the shelters which might be included in the
shelter catalog as being useful in the total system might not be applicable
for every element of the target matrix. For example, construction of a X
fallout shelter in the basement of a residence is appropriate only in
elements where basements exist. Similarly, incorporation of shelter

space in new school construction is a possible countermeasure only for
elements iii which new school structures are to be built. Thus, the
applicability of a particular shelter type must be correlated with the
existing conditions of the element for which it is considered. This is
handled in the form of a Shelter Correlation Input Matrix of the type shown
in Table X. In the table identifying numbers for each of the existing con-
ditions entered in the Existing Conditions Catalog, Table VIII, are listed
across the top of the matrix. Identifying letters for each of the shelters
from the catalog in Table IX are listed In the column at the left. In use,
the program determines from the population matrix input data, the exist-
ing conditions for a specific element. The program then accepts, as
possible countermeasures for that element, only those shelter types for
which there is an entry under that existing situation column. For
example, under existing Condition I (slum conditions) only shelter types
B, F, H, K, and M are available as possible countermeasures. Counter-
measure B, which is slum cleanup, is not available as a possible measure
for any of the other conditions. Shelter type N, improvement of existing
fallout shelters is applicable only to existing Condition 4 which is elements
with existing fallout shelters.

Cost of land for shelter locations can be included in the optimiza-
tion procedure. In the example Table X, all of the shelter types available
to elements with existing Condition 3 are also available to elements with
existing Condition 6. In addition, Condition 6 elements can also be pro-
vided with identical new shelter types at a lower cost because the cost of
land is not included when the shelters are built on school sites. It is
obvious that the more expensive shelter types F, H, K, and M need not
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be included in the. matrix for Condition 6 because they will never be used
in place of their less expensive, otherwise identical counterparts.

Shelter I ype Original Existing Condition

1 2 3 4 S 6 7

A x x x x

BX

C
D X, i
E X x

F X X X X X X X

G X x

H X X X X X X X

X Xx

X X X X X

M X X X X X X X

N X

TABLE X SHELTER CORRELATION INPUTT MATRIX
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