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ABSTRACT

This thesis presents an original model of the geo-
graphic spread of disease. The model can represent local
~geographic conditions and can be easily modified. It can
be used as an extension of any set of differential equations,
either deterministic or stochastic, used to describe a
population in an epidemic state. The classical Kermack
and McKendrick equations are extended and AUmerical solu-
tions are generated for various iﬁitial conditions. The
results indiéate an interesting directional effect and
suggest the development of a user oriented computer pro-
'gram for the study and simulation of epidemics. Such a
program might be usea as a communications tool to bring
together continuing advances.in our knowledge of the causes

of epidemic disease and the mathematical theory of epidemics.
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Chapter 1
INTRODUCTION

1.1 General Discussion

The benefits to be derived from the accurate model-
ing and prediction of contagious disease are numerous. The
modeling procedure itself yields valuable insight into the
biological processes involved. Public health planning will
~gain in effectiveness. Both agriculture and commerce may
be improved. ' Our deteriorating environment makes it in-
creasingly important to understand the ramifications of dis-
ease control actions such as vector eradication (25, p. 206).

For the above. and other reasons (4, p. 237) and (11,
p. 30), there is presently a-large scale effort (10) under
way in this area. While the possible benefits of the effort
are substantial, the obstacles are formidable. The gather-
ing and structuring of data (21), mathematical tractability
(3, p. 174), and modeling of geographic spread (10, p. 508),
and commuhications between biologists and mathematicians
(29, p. 179) are often cited as stumbling blocks. Not only
is data often incomplete, but the procedures for identify-
ing a particular disease vary over time. Multiple causes
of death and failure to detect mild cases of infection also

complicate interpreting records. It is seldom practical to



solve the sets of simultaneous deterministic differential
equations involved, though theoretically solvable, except

by numerical analysis. In the case of most sets of simul-
taneous stochastic differential equations, Monte Carlo
simulation is the only known means of solution. The pro-
blems of data structuring and mathematical tractability com-
bine with the complexity of human populatiohs (29) to make
the modeling of spacial dispersion difficult. A communica-
tions problem, similar to the one between biologists and
mathematiciaﬁs, also exists between other highly specialized
parties such as geneticists, population modelers, and oper-
ations researchers. Technical jargon and differences in
fundamental approaches -to problems are partly responsible.
With these general problems in mind, the following research

objectives were developed.
1.2 Research Objectives

A. To develop a mathematical model of the spacial
spread of contagious disease which:
1l can repfesent local geographic conditions
2 has a flexible data structure
3 is compatible with as many of the current

mathematical models as possible.

B. To write a Fortran program for the numerical

solution of the model which:



1l can be used to investigate the feasibility
of a user oriented computer language for the
modeling and prediction of epidemic disease.

2 can readily be expanded to include such

features as Monte Carlo simulation and graph-

ic display.
1.3 Epidemiological Principles

This sgction is intendea to aid those without a
background in epidemiological mathematics. The terminology
used is mathematical in nature and should not be confused
with the terms used in epidemiological field work. Though
condensed, hopefully it will be of help to some in reading
this thesis. For a more complete account see (21) and (3).

At least two populations (species) are involved in
any infectious disease; the host population,iwhich is in-
vaded, and the population of causative organisms. In some
cases, a third population acts as a carrier or vector. In
malaria, for example, the Anopheles mosquito, the vector,
carries Plasmodium protozoa, the causitive organism, from
man to man, the host. More complicated relationships, with
multiple host species and secondary invaders, are known but
are beyond the scope of this discussion. What is important
to note is that conditions affecting any one of the popula-

tions involved in a particular disease cycle will indirectly



affect all the other populations.

When mathematically modeling the spread of conta-
gious disease, some of the involved populations are not
represented explicitly as variables. They are hidden in
constants such as the infection rate (see figure 2.4.1).
There are manifold pitfalls in such simplifications, but
lack of data and mathematical tractability frequently neces-
sitate them. Often the host population is the only pop-
ulation considered.

Given that there are only two populations, host and
causative agent, it can be assumed that infective members of
the host population are the only sources of infection.

Given that the latent period, the time between infection of
an individual host and when that individual becomes infecti-
ous to others, is approximately zero, the host population
can be divided into three groups. When mentioned in this
paragraph, diseased individuals include both clinically man-
ifest and laboratory confirmed cases of infection. Sus-
ceptibles are free of the disease and do not have sufficient

immunity to repell the invaders. Active infectives have the

disease and, provided there is adequate contact with sus-

ceptibles, will pass on the disease. The remaining populat-

ion is neither susceptible nor infective due to previously
acquired immunity or isolation.

The assumptions and definitions in the above



paragraph are used in the classical deterministic model of
infection and removal known as the Kermack and McKendrick
equatioﬁs (18). This model is presented in Chapter 2 and
is extended to a geographic model in Chapter 3.

- In this thesis, the epidemic curve is defined as
the rate at which new infectives are created. The incuba-
tion period, the time between infection and the first vis-—
ible sign of disease, does not modify the shape of the epi-
demic curve as defined. In field work the epidemic curve
is the rate at which new'qlinical cases are reported and is
modified by the incubation period. Typically, a field curve
(see figure 1.3.1) is bell shaped and slightly skewed to the
right (3, p. 28) and (26, p. 149). |

The mathematical description of the population in-

teractions involved in infectious disease is called the
mathematical theory of epidemics. 1In deterministic theory
the populations and their interaction rates are considered
as real numbers. In stochastic theory they are considered
random variables with either discrete or continuous proba-
bility distributions. The current trend is to view deter-
ministic models as meaningful approximations to the more
complex stochastic models. The thesis model is determinist-

ic, but is compatible with stochastic formulation.

1.4 Chapter Summaries

At the beginning of Chapter 2 the reader may choose
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in which of two ways he wishes to read this thesis. He may
choose to read it in the order in which it is arranged. 1In
this case, he will find that Chapter 2 places the mathemat-
ical modeling of epidemic disease inan historical framework.
Chapter 3 develops the thesis model of the geographic spread
of disease in first an informal and then a formal manner.
Then Chapter 4 explains the computer program used to numeri-
cally solve the thesis model and the significance of the
solutions of the ten problems found in appendix C. Chapter
5 summarizes the work done. It then draws concluéions and
makes recommendations for further work.

An alternate path is to make a first reading of
only those passages which are necessary to comprehend the
thesis model. Fof this purpose, section 2.4, 3.1, 3.2,

4.2 and 5.1 are needed.



Chapter 2
HISTORICAL OVERVIEW

2.1 Introduction

The study of epidemic disease can be divided into
three idealized states or eras. The first and longest era
was qualitative and empirical in nature. The second era, in
which we are still actively engaged, is also qualitative in
nature but is based on the scientific principles set forth
by men like Koch and Pasteur. The third era, which is just
beginning, is earmarked by the mathematical modeling and
prgdiction of the phenomena. The three eras overlap to some

degree.

2.2 Empirical Era

During the first era, some practical and effective
measures were developed to fight infectious disease. Since
there was an absence of modern scientific methodology, there
was a heavy reliance on empirical data collection.

Millenniums before the birth of Christ, the Chinese
were attempting to inoculate children against smallpox.
Although not always successful, they tried to induce mild
attacks of small pox as protection against severe attacks.
This was done by placing the scabs from infectives in the

nostrils of children or by placing the clothes from



infectives on children.

Ih the fifth century B.C., the Greek historian
Thucydides wrote about immunity to the plague, "A person
who transmits the disease is already out of danger. For
the disease does not recur twice, at least not with a sever-
ity sufficient to cause death (11, p. 8)." ((The ancient
practice of allowing only those who had recovered from
blague to care for plague victims is akin to the present
practice of allowing only those medical personnel who show
a positive test for Mycobacterium tuberculosis to work in
tubercular wards.))

Like the concept of inoculation, the concept of
isolatioh of infectives was recognized centuries ago. The
Biblical passages aealing with the isolation and persecution
of lepers are well known. |
| -During the Smallpox epidemic of 1776, the English
physician Jenner observed that milkmaids who had contracted
cowpox were not susceptible to Smallpox. He used this ob-
servation as the basis for the first effectiye immunization
program. ((Pasteur later explained this phenomena in terms
of the Germ Theory of Disease and named it vaccination
(Latin vaccinus: pertaining to a cow vacca: cow) in re-
cognition of Jenner's work.))

As can be seen from the above examples, a lack of

knowledge of the causative agents of disease did not
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exclude the possibility of limited prophylaxis.

2.3 Microbiological Era

Man entered the second era of the study of epidemic
disease with a startling explosion of knowledge in the field
of microbiology. The last fifty years of the nineteenth
. century saw proof of the germ theofy of disease and the iden-
tification of the causative agents of all the major infec-
tious diseases (11, p. 14). The work of men like Robert
Koch and Luis Pasteur proved the everyday importance of the
animacules, bacteria and protozoa, described by Antony von
Leeuwenhoek (1623-1723).

Robert Koch (1843-1910) was the first to apply his
own postulates which set the criteria for demonstrating the
etiology of a diseasé. In 1882, he isolated Bacillus an-
thraxis from a sick animal, érew it in a pure culture, in-
fected a healthy animal with it, and then reisolated the
infective organism. Within a year, he had done the same
thing for the organisms which caused tuberculosis and cholera.

Pasteur, considered less theoretical than Koch,
made scientific contributions of a practical nature over a
wide range of areas. Among his important discoveries re-
lating to the control of infectious disease is the use of
attenuated pathogens to produce immunity against more vir-
ulent pathogens of an antigenically related strain. 1In

addition to this procedure, termed vaccination, he developed



11

sterilization and pasteurization.

These advances lead to an immediate improvement in
public health. Among the diseases brought to bay were Black
Death which destroyed one-f&%th of Europe's population in
the fourteenth century and smallpox which ravaged millions
of central Americans in the sixteenth century (3, p. 1).

In addition, these advances opened the door for the mathe-

matical theory of epidemics.

2.4 Quantitativé Era

The transition from the Qualitative Era to the Quan-
titative Era is a slow process which has already begun.
There are no indications that it will suddenly burst forth
with a surge of knowledée as did the Microbiological Era.
Instead, it is growing slowly on huge banks of data and
sophisticated statistical techniques.

The successful modeling of any contagibus disease
requires an understanding of the underlying biological
processes. We presently have a clear picture of how many
bacterial infections and some viral infections are trans-
mitted. Yet for reasons stated in the section entitled
General Discussion, no disease has been accurately modeled
and predicted.

Despite the infricacy and variability of epidemic
disease real progress has been made in the mathematical

theory of epidemics. Representative examples of some of
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the earlier steps taken are the works of Hammer in 1906 (15),
Ross in 1911 (26), Kermack and McKendrick in 1927 (18), and
Reed and Frost in 1928 (34). Bartlett's 1957 model of mea-
sles periodicity (5) is representative of modern efforts which
use a truly stochastic approach solved by computer techni-
ques. Comprehensive historical reviews are found in (3) and
(28). While (10) is an excellent survey of the work current-
ly underway.

In 1906, Hammer proposed a proportionality which
is fundamental to all subsequent deterministic models (3,
P. 8). This proportionality is reformulated for use in
probabilistic models as well. He assumed the epidemic curve
to be a function of the number of susceptibles, the number
of infectives, and the contact rate between infectives and
susceptibles. By allowing the gradual introduction of new
susceptibles, this hypothesis generates perioaic bell shaped
curves which are left skewed (28, p. 149).

Ross developed a difference equation for the portion
of a local human population affected by malaria in 1911.
The work was based on his own field observations. It in-
cluded established epidemiological characteristics of the
host and vector populations involved. His rough estimates
of the parameters involved enabled him to make practical
application of the equatibn. Even though the model involved

some probability concepts, it is deterministic in nature.
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Given the population levels in one period; the theoretical
levels for the following period can be calculated exactly.

In 1927, Kermack and McKendrick (K & K) expressed
the important threshold theorem of their deterministic model
(see p. 4). The theorem is based on a set of three differ-
ential equations found in figure 2.4.1. The threshold
theorem is explained in terms of R, the relative removal
rate over the infection rate. When the number of suscepti-
bles in a population, X, is less than or equal to R, an
epidemic outbreak is not possible. When X is greater than R,
the intensity of the epidemic or the percentage of suscepti-
bles eventually affected, is a non-linear function of the
ratio of X over R. A table of this relationship is avail-
able in (3, p. 28). The table is based on the exact solu-
tion of the K & K equations by Kendall in 1956 (17). K & K
used an approximate solution in their work.

In 1928, Lowell J. Reed and Wade Hampton Frost were
discussing and lecturing on a truly stochastic model of the
spread of disease in closed populations subject to random mix-
ing. These men used a mechanical model for teaching pur-
poses at John Hopkins Medical School in Baltimore, Maryland.
The mechanical Reed-Frost model consisted of four sets of
balls, each of a different color, a large bowl, and a narrow
trough. Each set of balls represented infectives, suscepti-

bles, immunes, or a nonspecified blocking agent. An initial
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population was specified and counted out into the bowl, was
stirred, and then was poured into a trough where they formed
a long single line. The susceptibles having adequate con-
tact with one or more infectives were replaced by infectives.
A susceptible was said to have adequate contact with an in-
fective if there were no intervening blocks in the line.
Infectives were replaced by immunes and the mixing was per-
formed again. The procedure was repeated until there were
no infectives remaining.

Wﬁile the problém of multiple exposures was ignored
by Haﬁmer, Frost recognized the situation and it was taken
into account in the Reed-Frost model. Their definition of
adequate contact created only one new case when a single
susceptible was exposed to several infectives. Another
property of the Reed-Frost model is that givgn a small num-
ber of original infectives in a specified population, the
portion of susceptibles eventually affected on different
runs may vary from zero to one hundred pexrcent. The Reed-
Frost model assumes a constant incubation period and an
infectious period so short that it can be represented by a
single point in the disease cycle. The original infective
~generation is spontaneous and produces new infectives in
stages at set periods of time equal to the incubation period.
For certain common diseases guch as measles, chickenpox,

and mumps, a point infection model may be more appropriate
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than a continuous infection model like the K & K equations
(3, p. 75). Chain binomial theory is applicable to the
mechanical Reed-Frost model and specifies the probabilities
of all the possible states the population can pass through
but cannot predict the states through which it will pass or
the final state of the population. .

Bartlett's 1957 model of measles periodicity and com-
munity size is mentioned here so that comparison can be made
with it when the thesis model is presented. Bartlett con-
structed a six by six grid of square cells or wards which
represented a city. The grid was used to idealize the spa-
cial dispersion of a city. The total population of a city
was divided equally among the thirty-six wards. The pop-
ulation in each cell was controlled by a set of stochastic
differential equations derived from the deterministic Ham-
mer-Soper model (30). Susceptibles were not allowed to move
from ward to ward. Infectives were allowed to disperse or
migrate from an infected wardto contiguous wards at a pre-
scribed migration rate.

Bartlett applied this grid model to nineteen towns
in England and Wales in an attempt to explain the relation-
ship of the average period between measles epidemics and com-
munity size. In doing so, two observations of importance
to this thesis were made. first, Bartlett noted that a
town geographically near one or more other towns behaved as

~if its population was larger than towns of equal size which
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were geographically isolated. Secondly, she found that
small towns near urban centers tended to mimic the epidemic
behavior?’ of the larger population mass.

The current trend in the mathematical modeling of
contagious disease is to view deterministic models as use-
ful approximations. With the increasing use of electronic
computers, the more realistic stochastic models are be-

coming comprehensive and more complicated.
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Chapter 3
MODEL PRESENTATION

3.1 Development of Model Concept

The thesis model for the geographic spread of dis-
ease is presented in this section. The thesis model is re-
ferred to as "NET" for convenience and because of the simi-
larity between its structure and the structure used in net-
work theory. First, there is a discussion of closed popula-
tions and random mixing as they relate to the topological
factor in the spread of disease. Then, NET is presented in
an informal manner. Finaliy, NET is described formally.

There is presently a great deal of epidemic theory
dealing with closed populations, especially thosé which un-
dergo random or homogeneous mixing. A closed population al-
lows neither immigration or emigration of individuals. Homo-
geneous mixing provides each individual equal contact or an
equal probability of contact with all other members of the
population. Obviously, there are no closed systems nor is
homogeneous mixing possible over long periods of time. Nev-
ertheless, theorems such as Kermack and McKendrick's thresh-
old theorem based on theée assumptions have valuable pre-
dictive power when dealing with actual epidemic phenomena.

The nineteen towns analyzed by Bartlett are examples of
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approximately closed systems. The political boundaries of a
city or the mountain ranges surrounding a valley are typical
boundaries used to define approximately closed populations.
Modeling the spacial dispersion of contagious disease can bg
Vieweq as slackening the restrictions of closed populations
and random mixing. The presence of a relatively large pop-
ulation center near a community beiﬁg studied undermines the
assumption of a closed population. Both physical and social
barriers weaken the assumption of random mixing.

The thesis model, NET, is .a procedure for linking ap-
proximately closed populations together. The linking fur-
ther reduces the closed property of the individual communi-
ties, bu£ does not invalidate the techniques used to analyze
clésed populations. The geographic division under study is
broken into AREAs with each containing one community. The
size of an AREA varies depending on the size of the geo-
~graphic division studied and the amount of detail desired.
An AREA can represent a section of a city, an urban center
in a nation, or a coastal region of a continent. An informal
explanation of NET is given below.

The example of a group of cities is used because of
the interest in human populations and the increasing urban-
ization of the world. For simplicity, only the human pop-
ulation is considered. lThe population of each city is esti-

mated from records or assigned in the case of theoretical



20

work. Individuals are then separated into suitable categories
such as infectives, susceptibles, and immunes. If a second
population was of interest, say mosquitoes, it could be
claésified into carriers and non-carriers. These categories
are the variables used in any of the available models of
epidemic disease in closed populations with random mixing.

Before linking the cities together, we must define
the term effective population. The tendencies of geographical-
ly associated.communities to mimic the epidemic behavior
of one another and to behave as if they had larger populat-
ions than they actually do, have already been cited. These
tendencies motivate the model definition of effective popula-
tion.

The effective population of a city is based on its
actual population, the actﬁal population of its neighbor
cities, énd the degree of interaction between the city and
its neighbors. Neighbor cities are those which have sig-
nificant interaction (8) and (24) with the city in question.
Each city has its own set of neighbors. The degree to which
city A is affected by city B is called the permeability of
A from B. Permeabilities are real numbers with a range from
zero to one. The effective population of a city is its ac-
tual population plus a portion of each of its neighbor pop-
ulations. This porﬁlon of a neighbor population is the pro-

duct of the actual neighbor population times the permeability
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of the city from its neighbor. An effective population cate-
gory is defined in a like manner. An effective population
category of a city is the sum of its actual population cate-
gory'plus a portion of the same population category from each
of its neighbor cities.

The manner in which NET links the cities together
is simple and flexible. Effective population variables are
substituted for the actual population variables used to mod-~
el the cities as closed populations. The actual variables
are maintained but are updated by effective information.
The proper substitution of effective variables for actual
variables depends on the underlying model used for each
city. A specific example is given in the next section.
NET i$.di§ep;lx appl;cable to any group of closed populations
for which each individual population can be modeled by a set
.0of difference or differential equations.

The remainder of this section formally defines NET.
The formal presentation progresses in much the same manner
as the informal presentation did. The terminology developed
is general in nature and is the same as that used in the
computer program in appendix A.

NET is a generalized procedure and it requires an
underlying epidemiological model and an idealized geographic
division before it/can be applied. Each NET application may

be thought of as an independent model. The reader may choose
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to skip over to the next section and use the remaining mate-
rial in this section as a reference only.

NET models the spacial spread of contagious disease
as the interaction of approximately closed epidemiological
communities. The geographic division under study is broken
down into AREAs which contain one community. The populations
(species) to be studied are broken down into categories of
epidemiological interest and are the variables in the sets
of differential equations used to describe each AREA. The
total number of individuals in any one population segment
is referred to as a TPOP. Each so-called total population,
TPOP (although a convenient convention), represents only a
segment of a population in the strict biological sense.

TPOP1 may represenﬁ the total number of humans susceptible

to measles in the NET. Thé number of individuals from a
particulér TPOP in each AREA is referred to as an area pop-
ulation or APOP. APOPZ’l may represent the number of humans
susceptible to measles in AREA, .

Before linking the AREAs together, we must define
the term effective APOP. An effective APOP is based on its
actual APOP, the actual APOPs of its neighbors, and the de-
gree of interaction between the APOP and its neighbor APOPs.
Neighbor AREAs, NEIBs, are those which have significant in-
teraction with the AREA in question. Each AREA has its own

set of NEIBs. All APOPs in an AREA are assumed to interact
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with the APOPs of a NEIB to the same extent. For this rea-
son only one measure of the effect of a NEIB on an AREA is
required. - The degree to which an AREA is affected by a NEIB
is called the permeability of the AREA from NEIB. Permea-
bilities, PERMs, are real numbers with a range from zero to
one. An effective APOP is the actual APOP plus a portion

. of each of its neighbor APOPs. This portion of a neighbor
APQP is the product of the actual neighbor APOP times the
PERM of the AREA from its NEIB.

Once the proper é;gorithms or equations to calculate
effective APOPs are set up, the manner in which NET 1links
AREAs togetﬁer is simple and flexible. Effective APOPs
are substituted for the actual APOPs used as variables to
model the approximately closed AREAs. The actual APOPs are
retained, but are updated by effective information. The
proper substitution of effective APOPs for actual APOPs de-
pends on the underlying model used for each AREA. The pro-
~gram in appendix A is an example of the application of NET

to the K & K equations.

3.2 Application to K & K Equations

In this section, NET is applied to two idealized
geographic divisions. In both examples, the AREAs , or ap-
proximately closed populations, are controlled by the clas-
sical K & K equations. Each AREA creates three expanded K &

K equations which must be solved simultaneously with all the
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other equations from a NET. Note that NET has become an
approximately closed system.

The first geographic division, Linear, is a linear
arraﬁgement of six AREAs. Each AREA is represented by a
square in a line (see data set 2). Only adjacent AREAs
interact. The four interior AREAs 'interact with two other
AREAs. The exterior or terminal AREAs interact with only
one other AREA. A schematic of Linear and the resulting
simultaneous differential equations are illustrated in
figure 3.2.1. i

The second geographic division, Cubic, is a cubic
arrangement of six AREAs. Each AREA is represented by one
side of a three dimensional cube (see data set 8). Only
AREAs with a common edge interact. Each AREA interacts

with four other AREAs. A schematic of Cubic and the result-

ing differential equations are illustrated in figure 3.2.2.
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NET EXTENSION OF K & K EQUATIONS
FOR A LINEAR GEOGRAPHIC

DIVISION
AREA 1 Equations
T B (xy Py 0)%p) (yy + Py 5)¥))

B(xy + (Pl,z)xz) (y; + (P1,2)Y2)

“Glyy + (P1,5)yy)

G(Yl + (Pl,Z)YZ)
AREA 2 Equations

- BB, 1)xp +xp + (Py 3)xy)
((Py,1)¥y * ¥3 + (Py 3)¥3)
—B((PZ,l)Xl + X, + (P2,3)x3)
((Pz,l)yl + ¥y, + (P2'3)y3)
"6((Py,1)¥y * ¥5 + (By,3)¥3)

G((P )y ty, + (P )ya)
2,141 2 2,343

AREA 3~-6

Figure 3.2.1
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NET EXTENSION OF K & K EQUATIONS
FOR A CUBIC GEOGRAPHIC

DIVISION
Y

g1 Ygr Zg

§

Xor Yyo 2y |G| X1 ¥y1 Zy=|@—>| X1 Y41 Z,

{

X3r Y31 23
g - “Fgr Yer Zg

L - 3

AREA 1 Equations*

B(xl + X + X1 + Xy + x5)(yl + Yo + Y3 + Ya + ys)

ac = 6 (yvytyotystyytys)

*The constant permeability factors have been omitted in this
illustration.

Figure 3.2.2
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Chapter 4
MODEL EVALUATION

4,1 Programming for numerical analysis

The advantages of a numerical analysis of NET are
stated in the beginning of this section. Then, the compati-
bility of NET to a user oriented program is mentioned. Final-
ly, the Fortran program in appendix A for the numerical
solution of NET is discussed. At this point, I would like
to thank Mr. Marvin B. Smith of the University of Houston
for the use of his-plot routines which made the graphic dis-
plays in appendix B possible.

The application of NET to the Linear and the Cubic
~geographic divisions produced two sets of simultaneous dif-
ferential equations.. Both sets are theoretically solvable
in closed form by the method used in (17). However, it is
not practical to solve them in this manner. The eventual
solution would be unyieldy. A minor change in the structure
of either geogrpahic region would require extensive changes
in the closed form solution.

The extreme difficulty of closed form solution made
numerical analysis desirable. Numerical analysis on an elec-
tronic computer had the additional advantages of relative

flexibility and speed. With this method, intermediate
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solutions for tabulation or graphic display are readily a-
vailable.

A discussion of the Fortran IV program for the nu-
meriéal solution of NET is now given. NICOLE is used to
identify the program and stands for NET Interaction and
Computer Operated Linear Evaluation. The term "linear" re-
fers to the use of constant permeabilities in the model.

Much of the mathematical manipulation needed to apply NET

to a geographic region is coded into the program. NICOLE
consists of a main program, Drive, and nine subprograms:
Input, Update, Snap, Output, Savepl, Plpt, Scal, Ptlr, and
Block Data. The main program and the first four subprograms
are the basic program and are capable of generating numerical
solutions for NET.' The next four subprograms are a sophis-
ticated plotting package. .The epidemic curves generated by
NICOLE are graphically displayed. The last subprogram,
Block Data, is used solely to initialize memory storage
areas. Due to their auxiliary nature no further mention is
made of the plotting package or the Block Data subprogram.
NICOLE was written for and executed on an IBM 360/40.

The main program,'Drive, makes very few calculations.
None of NICOLE's read statements are found in Drive and few
of the-overall program's write statements are found in Drive.
Drive's primary duty, as its name implies, is to drive sub-

programs. We will continue examining the main program after
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looking at the subprograms upon which it is heavily dependent.

Subroutine Input reads and stores a mathematical de-
scription of the geographic division under study as well as
the éarameters used by the underlying epidemiological model.
The first data card contains three integer values: NUMA,
the number of AREAs; NUMP, the number of population segments;
and NUMN, the maximum number of neighbors any AREA has. The
second data card contains the infection rate and the removal
rate for the modified K & K equations. Then a set of three
_cards is read in for each ARFEA.

Before preparing these cards, each AREA is arbitrari-
ly and consecutively numbered starting with one. The first
set of three data cards is associated with AREA number one
and so on. All of'the information on one set of cards per-
tains to one AREA. There are NUMA times three plus two data
cards required to define an idealized geographic division.

The first of the three data cards pertaining to an
AREA contains NUMP AREA populations which are stored in the

vector APOP The subscript I varies from one to NUMA and

I,J°
the subscript J varieé from one to NUMP. The second card
specifies the neighbors of an AREA. NUMN integers represent-
ing neighbor AREAs are read in and stored in vector NEIBI'K.
Again I varies from one to NUMA, while K varies from one to

NUMN. The third card specifies the permeabilities of the

AREA from each of its neighbor AREAs. The permeabilities are
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stored in PERM The subscripts I and K vary in the same

I,K’
manner as those on the preceeding card. After proceésing

the two initial cards and three cards for each AREA, Input
prinﬁs an echo check and returns control to the point where
it was called.

Subroutine Update contains the differential equations
which update the AREA populations, APOPsI’J. These eguations
are based on effective populations which are supplied by the
function SNAP (I,J). Every time Update is called, the APOPs
are advanced'through one period of time. 1In the éase of
the modified K & K equations, B (the infection rate) and G
(the removal rate) implicitly define that period of time.

B and G are the step sizes in this first order Taylor series
solution. A testiﬁg and storing procedure prohibits any
AREA population from becoming negative. '

The function SNAP (I,J) calculates an effective AREA
population and stores it in SNAP. SNAP (I,J)s become the
effective variables upon which the NET equations are based.

Subroutine Output prints out the present.AREA pop-
ulations and present fotal populations at the end of any
period. Output also prinfs out the change in these popula-
tions since the last such report. The sum of the absolute
value of all AREA population changes is calculated and
stored in variable TC. TC is common to Output and Drive and

is used by Drive to control the frequency of reporting.
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With an understanding of Input, Update, and Output,
the main program, Drive, can be intelligently read. All
other subroutines called by Drive create additional output
and do not affect the solution procedure. Input is called
once at the beginning of Drive in order to define the NET |
and supply it with initial conditions. Then Update is call-
ed in order to increment the numerical solution. Output
is not called as frequently as Update because of the tre-
mendous number of pages of print-out this would generate.
Otherwise, up to 10,000 reports would have been geherated
in a single run with very little difference from report to
report. Drive is merely a scheme, derived by trial and
error, for controlling the frequency of updates with re-

spectto the reports.

4.2 Results of Numerical Analysis

In appendix C, the results of applying the computer
program NICOLE to ten different data sets are summarized.
There were no changes made to the program between runs--only
the data cards were different. 1In the first data set all
permeabilities were set equal to zero creating a special
case. The next six data sets are examples of Linear. The
last three data sets are examples of cubic. The Linear and
Cubic geographic divisions are explained in section 3.2.

When all permeabilities are zero, the NET model

based on the K & K equations reduces to several classical
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K & K populations. Data set one reduced to six such popu-
lations. The numerical ({(appendix C) and deterministic (3,
p. 28) solutions for the resulting epidemic intensities
(alsd see figure 4.2.1) in these populations are in close
agreement. This is encouraging and substantiates the re-
sults in the other nine data sets.

However, it is only fair to point out the problems
of truncated error (27, p. 80) and instability (22, p. 336)
involved with numerical solutions. A quick estimate of the
maximum poésible truncated error in the NICOLE solution is
available because all of the functions involved have second
derivatives less than one. Taking the step size, the maxi-
mum of B or G in this case, times the number of steps or
periods gives us such an estimate. Substitution yields
.01 time 10,000 or 100. Since the starting populations are
1,000 or greater in all cases, this gives us a maximum
possible error in high intensity epidemics of ten percent.
This figure could be reduced by decreasing the step size or
applying a more sophisticated solution such as a fourth
order Runge-Kutta method. Reducing the step size would mark-
edly increase computing time. A Runge-Kutta method is de-
sirable for some NET applications but would complicate for-
mulating the NET equations. It is important® to note that
the maximum possible truncated error is not likely to be

approached in this case because the curves involved are
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smooth and many of the solutions were close to their final
values long before the computer stopped iterating. Either
truncated error or (more likely) instability could be re-
sponsible for the small difference between the numerical
and deterministic solutions in AREA one of data set one.

Examination of the remaining data sets revealed two
interesting effects. One, a directional effect, is best
demonstrated in the Linear model. The other effect, a
modified K & K threshold theorem for effective population,
is best demonstrated in the cubic model.

Data sets four and five have the same Linear struc-
ture. The permeabilities are identical in both cases. The
initial number of susceptibles is the same in all AREAs.
The only difference in the two cases is the AREA in which
the initial infection was started. However, note that in
case four, when the infection was started in AREA one, the
final intensity in AREA one was 10.90 percent. In case
five, when the infection was started in AREA five, the final
intensity in AREA one was 7.25 percent. By comparing data
sets four and five to six and seven we can tentatively con-
clude that increasing the permeabilities decreased the di-
rectional effect.

In data set nine, the K & K threshold theorem is
seen to apply to the effective population of each AREA. The

nunierical intensity of 80 percent is the same as the
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deterministic K & K threshold theorem when applied to the

effective AREA of the symmetrical populations. In data set
ten, a combined effective threshold theorem and directional
effecf seemed to be present. Both effects have interesting

biological and political implications.
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Chapter 5
SUMMARY, CONCLUSION, AND RECOMMENDATIONS

5.1 Summary
A mathematical modeling procedure entitled NET was

developed for linking approximately closed epidemiological
communities together. One of the numerous differential
models for closed populations was necessary for the NET
method to work. A group of cities and their geographic
and social relationships were easily represented by a NET
model. The closed form solution of the set of simultaneous
equations generated by NET was impractical and for this
reason numerical analysis was employed. A computer program,
NICLOE, was developed to generate the desired solutions and
to investigate the feasibility of a user orieﬁted computer
program for the modeling and prediction of epidemic disease.
The subsequent numerical analysis indicated two interesting
effects: a directional effect and a modified Kermack and
McKendrick threshold theorem based on effective population

levels.

5.2 Conclusions
The NET model is highly flexible and has several
realistic properties such as those observed by Bartlett.

The directional effect and effective threshold effect
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demonstrated in NET are intuitively appealing. These pro-
perties and effects are encouraging, however, the model
used to produce them is highly simplified and applicable
only to diseases like influenza which have a short latent
period and are highly contagious. While closed form sol-
ution is not practical, the numerical solution of NET
models are easily generated with the help of the computer
program developed. A user oriented program for the model-
ing and prediction of the spread of epidemic diseases is

a practical and useful objective. While data collection
would be a major obstacle to the use of such a program,
built in data manipulation capabilities might make better

use of the existing data.

5.3 Recommendations

A better numerical method is desirable for less well
behaved models than the K & K equations. Monte Carlo simu-
lation has proven to be a valuable tool in epidemiological
modeling and could be included in an expanded program.
Finally, the model could be taken as is and applied to real

world data, making modifications to the procedure as necessary.



APPENDIX A

A Listing of NICOLE, the Computer Program

Used to Solve the Thesis Model



//POKL JOB '2874POKL',"FRANK PCKL?' 4 MSGLEVEL=1

// EXEC FORTGCG 39
//FCRT.SYSIN CD *
C
COMMCN /BLK 1/ APOP(10C,1C),NEIB(100,10),PERNM{100,10),
1 FAPCP(100,1C),CAPOP(10),NUMA,NUMP,NUMN,P
COMMON /BLK 2/ B+G,BP,GP,TC,TC,APOPI{100,10)
INTEGER P .
CALL INPUT ‘
DO 30 v=1,10
CO 2¢C L=1, 1C
DO 1¢C K =1 10
CALL UPDATE

10 CONTINUE

CALL SAVEPL
20 CONTINUE

CALL GUTPUT

IF ( TC «LT. 0.2 ) GO 7O 50
30 CONTINUE

0D 31 ¥M =1, 18
CoO 21 LL =1, 5C
DO 11 KK =1 4, 10
CALL UPDATE .

11 CONTINUE
IF ( TD «GT. 0.5 ) CALL SAVEPL
21 CONTINUE
CALL OUTPUT
IF ( TC «LT. 0.2 ) GO TO 50
31 CONTINUE
50 CONTINUE
TPOPI = 0.0
TPOPF = Q.0
200 FORMAT(1H1/,3GX, *CALCULATIONS ')
WRITE(6,4200)
J=1
1CO0 FORMATU/// TX,' APCP '412,',',12," TOTAL PERCENT REDUCTION ',F7.3)
Ca 60 I =1, NUMA
TPOPI TPOPI + APCPI{(I,4)
TPOPF TPOPF + APCOP{(I,J)
APOP(I+J)=((APOPI(I,J)-APOP(I, J))/APOPI(I;J))*lOO 0
WRITE(6,100) I , J APOP(I,J)
60 CONTINUE A
TPOPC = ({TPOPI-TPOPF) / TPOPI) * 100.0
1C1 FORMAT(////7X," PCPULATION ',12,' TOTAL PERCENT REDUCTION ',F7.3)
WRITE{(6,101) J » TPCPC
CALL PLOT
SToP
END

SUBRCUTINE INPUT '

COMMCN /BLK 1/ APOP(100,10),NEIB{100,10),PERM(100,10),

1 FAPCP(1004+10)+CAPCP{10) ,NUMA,NUMP,NUMN,P

COMMCN /BLK 2/ B,G,BP,GP,TC,TD,APOPI(10C0,10)

COMMCN /BLK 3/ APCPL(10,10),CL(10,10),X(500),Y(10,500),NP

INTEGER P
99 FORMAT( 1Hl , 24X , 'GECGRAPIC DATA',/)

WRITE(6,99)
1CO FORMAT(8I10)
101 FORMAT(8F10.0)



1C3
104
1C5
106

10

13

20

50

€0

FORMAT(24X,'B = ",F10.8,10X,4'G = '",F10.8) .
FORMAT(24X, %8P = ", F10.8,10X,'GP = *,F1C.8) 40
FORMAT(25X, YPERM 1,12, 5, 1,12, IS 1',f10.8)
FORMAT (25X, TINEIB ',12," 4, 1,12, IS ',12)
READ(S5,1C0) NUMAZNUNMP,NUMN

REAC(5,101) ByG,BP,GP

DO 13 I=1,NUMA

REALC({S5,101) (APOP(I,J), J=1,NUMP)

READ(5,1C0) (NEIB(I,K), K=1,4ANUMN)

REAC({5,101) (PERM(I,K), K=1,NUMN)
WRITE(645105)( (I 4KyPERM(IK))yK=1,NUMN)
WRITE(O6,106)({I4KyNEIB({ToK))yK=1,NUMN)

CONTINUE

WRITE(6,103) B,G

WRITE(6,104) BP,GP

CO 20 I=1,NUMA

DO 2C J=1,NUMP

APOPI{(I,J) = APOP(I,J)

APOPL(I4J) = APGPI(I,J)

CL{I,3) = APOP(I1I,J)

CONTINUE

CALL OUTPUT

RETURN

END

SUBRCUTINE UPCATE :

COMMON /BLK 1/ APCP(100,10)4NEIB(100,10),PERM(100,10),
FAPGP(10C,1C),CAPOP{10) NUMA,NUMP,NUMN,P

COMMON /BLK 2/ B,G+BP,GP,TC,TC,APCPI(100,10)

INTECER P

P=P +1

CO 50 I=1,NUMA

DAPOP( 1) = -B * SNAP(I,1) * SNAP(I,2)
CAPOPL 3) = G * SNAP(I,2)

DAPOP( 2) = -DAPOP( 1) - DAPOP( 3)

CO 50 J=1,NUMP

FAPOP(I,J4) = APOP(I,J) + DAPOP(J)

CONTINUE

0O 6C I=1,NUMA

00 60 J=1,NUMP

IF  FAPOP(I,J) .LT. 0.0 ) FAPOP(I,J) = 0.0
APOP(I,J) = FAPOP(I,J) '

CONTINUE

RETURN

END

FUNCTION SNAP(I,4)

COMMCN /BLK 1/ APOP(100,10),NEIB(100,10),PERM(100,10),
FAPCP(100,10),DAPCP(10) 4NUMA,NUMP,NUMN,P

INTECER P ’

SNAP = APOPI(I,J)

CO 1 K=1,NUMN

IT = NEIB(I,K)

SNAP = SNAP + APOP(II,J) * PERM{I ,K)

CONTINUE

RETURN

END

SUBROUTINE OUTPUT



COMMCN /BLK 1/ APCP(100,1C),NEIR(100,10),PERM(100,1C),
1 FAPCP(1CC,10),DAPCP(10) 4NUMA,NUMP4NUMN,P 41
COMMCN /BLK 2/ ©,G,BP,GP,TC,TC,APOPI(100,10) _
COMMCN /BLK 3/ APCPL(10,10),0L(10,10),X{5C0),Y(10,500),NP
CIMENSICN CHANGE (10),TP0P(10),TPOPC(10)
CATA CHANGE,TPOP,TPCPC / 30%0.0 /
INTEGER P
1CO0 FORMAT{1H1/,25X,'PERIOD',110//)
101 FORMAT(30X,'AREA',14)
1C2 FORMAT{(7X,' POPULATICN *,12,' IS "yF10.2,8Xs*IT HAS CHANGED ',
1 F10.2)
TC = 0.0
WRITE(6,100) P
DO 2C I=1,NUMA
WRITE(6,101) 1
DO 1C J=1,NUMP
TPOP(J) = APOP(I,J) + TPOP(J)
CHANGE(J) = APOP(I,J) — APOPL(I,J)
APQOPLI{I,J) = APOP(I,J)
TC = TC + ABS ( CHANGE(J) )
WRITE(6,1C2) J,APCP(I,J) » CHANGE(J)
TPOPC({J) = TPOPC(J) + CHANGE(J)
10 CONTINUE )
20 CONTINUE
1G3 FORMAT(7X,* TOTAL PCP '",12,' IS '4F10.248X,*'IT HAS CHANGED ',
1 F10.2)
S9 FORMAT{(//29X,*TOTALS")
WRITE(6, 99)
B0 3C J = 1,NUMP
WRITE{6,103) J , TPCP(J) » TPOPC(J)
TPOP{J) = 0.0
TPOPC(J) = 0.0
30 CONTINUE
RETURN
END

SUBRCUTINE SAVEPL

COMMON /BLK 1/ APOP(100,1C),NEIB(100,10),PERM(100,10),
1 FAPCP{100,10),CAPOP{10)yNUMA,NUMP,NUMN,P
COMMON /BLK 2/ B,G,BP,GP,TC,TD,APOPI{100,10)

COMMCN /BLK 3/ APCPL{10,10),DL(10,10),X(500),Y(10,500),NP
INTEGER P

D = 0.0

NP = NP + 1

0 20 1=1,NUMA

D = APOP(I,1) - DL(I,1)

DLUI,1) = APOP(I,1)

TD = TD + ABS(D)

Y{I,NP) = ABS { D )

20 CONTINUE
I =1+1
Y(IyNP) =
X{NP) = P
RETURN
END

70

SUBRGOUTINE PLOT
COMMCN /BLK 1/ APCP(100,10),NEIB(100,10),PERM(100,10),
1 FAPCP(100,10),DAPOP(10}yNUMA,NUMP,NUMN,P
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COMMCN
CIMENSI

/BLK 3/ APOPL(1C,1C),DL(10,10),X(5C0),Y(10,5C0),NP
CN LABX{(40),LABY(40),YY(5C0)

CATA LABX,LABY /17%Y 1 ,0P3 011 IRV, V8,0 07,7D,17%" 1,

1 13%y ¢
2 13%v ¢

,lNl,'E',iwl,! ','I','N',.F"'E"'C"'T"'I.,'V','E"

/

NUMAX = NUMA + 1

DO 20 1
FORMAT

= 1,NUMAX
(1M1, /777 S0OX,'AREA NO. ',12)

WRITE(6,100) I
CO 10 J=1,.NP
YY(J)=Y(I,J)

CONTINUE

LMAX = 81

XMAX = 0.0

CALL SCAL{ X,NP,XDEL,XMAX,XMIN,LMAX, O)
LMAY = 31

YMAX = 0.0

CALL SCAL{YY,NP,YDEL,YMAX,YMIN,LMAY, O)

CALL PLTRUXsYYsNP s XMAX, XMIN, XCEL,LMAX,YMAX,YMIN,YDEL,LMAY,
1 LABX,LABY)

20 CONTINUE

RETURN
END

SUBROUTINE SCAL(XsNyXDEL ¢ XMAX,XMIN,LMAX,I0)

PURPCSE

COMPUTES SCALING PARAMETERS FOR PRINTER PLOT

USAGE
caLL

SCAL{XsNy XCEL g XMAXy XMIN, LMAX,I0)

DESCRIPTION OF PARAMETERS

X

N
XDEL
XMAX
XMIN
LMAX
I0

REMARKS

NONE

METHCD

~-VECTOR CCNTAINING VALUES TO BE PLOTTED

~NUMBER OF VALUES IN X '

-COMPUTED INCREMENT FOR X—AXIS IN PROBLEM UNITS
—~COMPUTED MAXIMUM FOR X—AXIS IN PRCBLEM UNITS
-COMPUTED MINIMUM FOR X-AXIS IN PROBLEM UNITS
—SPECIFIED MAXIMUM FOR X—AXIS IN GRAPH UNITS
—QUTPUT SWITCH (I0=1 FOR SCAL OUTPUT)

DIRECT CALCULATICN

SUBPROGRAMS CALLED

NONE

CIMENSION X(1)

DATA Bl

G /0.999999E£+03/

TEST FOR SPECIFIED MAXIMUM
IF(XMAX.NE.O.0) GC TO 2
FIND MINIMUM AND MAXIMUM

XMIN=1.

0E+20

XMAX==1.0E+20

DO 1 1

=19N

TF(ABS(X(I)).EQ.BIG) GO TO 1

42

'S,

SCAL
SCAL
SCAL
SCAL
SCaAL
SCAL
SCAL
SCAL
SCAL
SCAL
SCAL
SCAL
SCAL
SCAL
SCAL
SCAL
SCAL
SCAL
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SCAL
SCAL
SCAL
SCAL
SCAL
SCAL
SCAL
SCAL
SCAL
SCAL
SCAL
SCAL
SCAL
SCAL
SCAL
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% %0k

X % % %

¥ % %X

ko %

ok

X2

10
1CO
101
102

IFIXMINSGTX(I))XMIN=XI(T)

IF{XMAXLTX{I))XMAX=X(T) 43

CONTINUE

TEST FOR CONSTANT

IF(XNMINLEC.XMAX)GC TO 7

COMPUTE INITIAL TRIAL VALUE FOR INCREMENT IN PROBLEM UNITS
J=1

K=ALCG10(ABS{XMAX—-XMIN))

XDEL=10.0%%K

COMPUTE TRIAL VALUE FOR MAXIMUM IN PROBLEM UNITS
K=XMAX/XDEL+1.0

IMAX=K*XCEL

COMPUTE TRTIAL VALUE FOR MINIMUM IN PROBLEM UNITS

K=XMIN/XCEL-1.0

IMIN=K%XDEL

IF{XMINGGEe0ue0eAND . XMAX e GE a3 CXXMINGANDeZMAX o NELD0.0)ZMIN=0.C

COMPUTE VALUE FOR INCREMENT IN GRAPH UNITS

LDEL = FLOAT(LMAX—=1)%XDEL / (ZMAX—=ZMIN)

TEST FOR PROPER INCREMENT

IF(LCEL.GT.20)GO TO (5,6,8),J

IF(LDEL.GE.10)GO TO 8

IF(J.NE.3)XDEL=2.0%XDEL

IF{J.EC.3)XDEL=24.5%XDEL

J=3

GO TC 4 A

COMPUTE SECOND TRIAL VALUE FCR INCREMENT IN PROBLEM UNITS

XDEL=0.5%XDEL

J=2

GO TO 4

COMPUTE FINAL TRIAL VALUE FOR INCREMENT IN PROBLEM UNITS

XDEL=0.4%XDEL '

J=3

GO TO 4

COMPUTE INITIAL TRIAL VALUE FOR INCREMENT IN PROBLEM UNITS -
CONSTANT X

K=1

IF{XMAX.NE.O.0) K=ALGCG1lO{ABS(XMAX))

XDEL=10a%%K _

XMAX=XMAX+0.5%XDEL

XMIN=XMIN-0.5%XDEL , -

XDEL=0.2%XDEL

J=3

GO TO 4

SET NEW MAXIMUM AND MINIMUM FOR DATA

XMAX=ZMAX

XMIN=ZMIN

TEST OUTPUT SWITCH

IF{I0.NE.1)GO TO 10

WRITE(6,100)

CO 9 I=1,N
WRITE(6,4101) I, X(I)
CONTINUE
WRITE(6,102) N, XCEL, XMAX, XNMIN, LDEL, LMAX
RETURN

FORMAT(*1SCAL - SCALING FCR PRINTER PLOT')

FORMAT(S5X, "X( '3 13,')=',E14,6)

FORMAT (5X,'N',5X,"'yIl4/5X,'XDEL',2X,'=',E14.6/5X,'XMAX',ZX,
T2V, EL14.6/5Xy "XMIN' 32Xy '=13E14.6/5Xy"LDEL2X,'=%,114/
SXe'LMAX? ,2X,'=1,114)

SCAL
SCAL
SCAL
SCAL
SCAL
SCAL
SCAL
SCAL
SCAL
SCAL
SCAL
SCAL
SCAL
SCAL
SCAL
SCAL
SCAL
SCAL
SCAL
SCAL
SCAL
SCAL
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SCAL
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SCAL
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SCAL
SCAL
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END
4y
SUBRCUTINE PLTR{XsYsNyXMAXy XMINsXDEL LX) YMAX,YMIN,YDEL,LY,

PURPCSE
PRINTS A PLOT FCR A SINGLE CURVE

USAGE
CALL PLTR(XsY,NyXMAXyXMIN, XCEL,LX, YMAX, YMIN,YDEL,LY,LABX,
LABY)

DESCRIPTION OF PARAMETERS

X -VECTCR CGONTAINING X VALUES TO BE PLOTTED
Y -VECTOR CCNTAINING Y VALUES TO BE PLOTTED
N -NUMBER OF VALUES FOR X AND Y

XMAX —-MAXIMUNM SCALE MARK FCR X

XMIN -MINIMUM SCALE MARK FOR X

XDEL —INCREMENT FOR X SCALE

LX -NUMRER OF PRINT POSITIONS FOR X-AXIS
YMAX —-MAXIMUM SCALE MARK FOR Y

YMIN -MINIMUM SCALE MARK FOR Y

YDEL —-INCREMENT FOR Y SCALE

LY -NUMBER OF LINES FOR Y-AXIS

LABX —LABEL FOR X-AXIS :

LABY -LABEL FOR Y-AXIS

REMARKS
NONE

METHOD
DIRECT CALCULATICN

SUBPROGRAMS CALLED
NONE

1 LABX,LABY) )

DIMENSICN X(1), Y(1), LABX(40), LABY(40), LINE{150), XXXX(3C)
DATA NXAX/1H-/4 NYAX/1HI/, NMRK/1H+/, NPNT/1H*/, NBLK/1H /,

1 NLPN/1H{/, NIXC/3H1Xs/y NFTP/4HF10./y NZER/2HO,/, NTWO/2H2,/,
2 NRPN/4H1X,)}/

COMPUTE PRINT POSITIONS PER X SCALE DIVISION
LXDL=FLOAT(LX-1)*XDEL/{XMAX-XMIN) + 0.001

COMPUTE LINES PER Y SCALE DIVISION
LYDL=FLOAT(LY-1)}*YDEL/{YMAX-YVIN) +0.001

COMPUTE X SCALING FACTOR

XSCL=FLOAT{LXDL)/XDEL

COMPUTE Y SCALING FACTOR

YSCL=FLOAT(LYDL)/YDEL

INITIALIZE POINTER FOR Y-AXIS LABEL
L=(4C-LY)/2

INITIALIZE LINE COCUNT

I = LY-1

INITIALIZE SCALE VALUE FOR Y-AXIS
YS=YMAX

YP=ABS (YMAX)
PREPARE TOP LINE OR BOTTOM LINE
CO 2 J=1,LX
LINE(J)=NXAX
CONTINUE

SCAL S
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PLTR
PLTR
PLTR
PLTR
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PLTR
PLTR
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PLTR
PLTR
PLTR
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PLTIR 5
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¥ %k

k%

* &k

* %k

Kk %

k%

% %

Rk kK

Sk dok

%

%k
10

TP
11

*E &

12
ok

*okok

%%

13

0O 3 J=1,LX,LXDL
LINE(J)=NMRK
CONTINUE
LINE{LX)=NMRK
1S=1
TEST FOR SCALE CIVISION
IFLLYDL*{I/LYDL).EQ.I)GO TO 5
GO TC 6
TEST FOR SCALE DIVISION
IF{LYDL*(I/LYDL).EQ.I)GO TO 5
PREPARE LINE FOR NC SCALE VALUE
IS=1
IF(I.EQ.LY) GO TO 6
LINE(1)=NYAX
LINE(LX)=NYAX
GO TC 6
PREPARE LINE FOR SCALE VALUE
1S=3
LINE(1)=NMRK
LINE(LX)=NMRK-
TEST FOR POINTS .
DO 7 J=1,N
JY=(Y{J)-YMIN)*YSCL+0.5
IF(JY.NELI)GO TC 7
PLCT POINT
JX={X{J)-XMIN)*XSCL+1.5
TEST FOR POINT IN X-AXIS RANGE ) '
ITF(IXeLELXeANDJXaGTeOeANDLINE(JIX) e NEJNMRKILINE[JIX)=NPNT
CONTINUE
TEST FOR Y-AXIS LABEL
IF(L.GT.C.AND.LQLEOI’O) [IS=IS+1
GO TC(8,9,10,11),1S
NO SCALE - NO LABEL
WRITE(64+100) (LINE(J)yJd=1,LX)
GO TO 12
NO SCALE - LABEL
WRITE(6,101) LABY{L), (LINE(J),Jd=1,LX)
GO 7€ 12
SCALE - NO LABEL
IF{YP.GT., 10.0)WRITE(6,102) YS, {(LINE(J)yJ=1,LX)
IF(YP.LE. 10.0)WRITE(6,103) YS, (LINE(J)yJ=1,LX)
YS=YS~-YDEL
GO 10 12
SCALE - LABEL
IF(YP.GT. 10.CIWRITE(6,104) LABY(L), YS, (LINE(J)},yJ=1,LX)
IF{YP.LE. 10.0)WRITE(6,105) LABY{L), YS, (LINE(J),J=1yLX)
YS=YS-YDEL
UPDATE LABEL POINTER
L=L+1
TEST FOR END OF GRAPH
IF{1.EQ.C)GO TO 14
TEST FOR LAST LINE CF GRAPH
I=I-1
IF(1.EQ.C)GO TO0 1
BLANK QOUT LINE
00 13 J=1,LX
LINE(J)=NBLK
CONTINUE
GO T0 4
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PLTR
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PLTR1Q
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PLTR1C
PLTR10
PLTRIC
PLTR10
PLTRLC
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£33
14

15
;& %%k

: % % %

%% %

16
%% X

2 X $3

%

S 23
17

k% % %

% % %k

o 3k o

18
%k

19

x5k % ¥

20
o %

21
k3 ok %

ok %

22
ok

3 3 ¥

23235

PLANK QUT LINE FOR CBJECT TIME FORMAT
DO 15 1=1,150
LINE(I)=NBLK
CONTINUE '
TEST SIZE OF VALUE FOR X-AXIS SCAL
J=11
IF(ABS(XMAX).GT.10.0)J=10
STORE LEFT PAREN
LINE(1)=NLPN
I=2
STORE SPACING SPECIFICATIONS
DO 1€ K=1,d
LINE(I)=N1XC
I=1+1
CONTINUE
CONPUTE NUMBER OF X-AXIS DIVISICNS
NXDV={LX-1)/LXDL+1
NXDV=LX/LXDL+1
COMPLUTE NUMBER OF SPACING SPECIFICATIONS
NS=LXDL-10
INITIALIZE COUNTER FOR NUMBER OF DIVISIONS
K=1 ’
STORE F-SPECIFICATICN
LINE(T)=NFTP
I=1+1
STORE NUMBER 0OF DECIMAL PLACES
IF{J.EQ.11)LINE(I)=NTWO
IF{J.EQ.10)LINE(I)=NZER
I=1+1
TEST FOR ALL DIVISICNS
IF(NXDV.EQ.K)GO TC 20
STORE SPACING SPECIFICATIONS
IF{(NS.LE.O)GO TO 19
DO 18 L=1,NS
LINE(I)=N1XC
I=1+1
CONTINUE
UPDATE NUMBER OF DIVISIONS COUNTER
K=K+1
GO TO 17
STORE RIGHT PAREN
LINE(I)=NRPN
COMPUTE X-AXIS SCALE VALUES
XXXX(1)=XMIN
CO 21 I=2,NXDV
XXXX{I)=XXXX{I—-1)+XDEL
CONTINUE
PRINT X-AXIS SCALE
WRITE (6,LINE) (XXXX(I)yI=1,NXDV)
BLANK OUT LINE
L3 22 I=1,150
LINE(TI)=NBLK

CONTINUE

CENTER X—AXIS LABEL
L={40-LX)/2

STORE X—AXIS LABEL

CO 23 I=1,LX
IF(L.GT.0) LINE(I)=LABX(L)
TEST FCR END OF LABEL
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PLTR14
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ETT "

23

% %%k
24
1C0O
1C1
102
1C3
104
1C5
106

3

00001

1 /10C0*0.0,1000%0

IF(L.EQ.40)GO TO 24

UPCATE POINTER

L=L+1
CONTINUE
PRINT X—AXIS LABEL
WRITE(6,106) (LINE(I),I=1,LX)
FCRMAT (18X,112A1)
FORMAT (9X,Al, 8X,112A1)
FORMAT(1CX, FB8.0,112A1)
FORMAT(10X, F8.2,112A1)
FORMAT (9X,Al, FB.C,112A1)
FORMAT (9X,Al, F8.2,112A1)
FORMAT (1HO,17X,112A1)
RETURN
END

ELOCK DATA

COMMCN /BLK 1/ APCP(100,10),NEIB(100,10),PERM(100,10),
FAPCP{1CC,10)4DAPCP(10) 4NUNA,NUMP,NUMN,P

COMMCN /BLK 3/ APCPL{10,10),CL(10,10),X{500),Y{10,500),NP

INTEGER P

DATA APOP,NEIB, PERVM,FAPCP,DAPOP,NUMA,NUMP,NUMN, P
11CC0*C.0,1000%0.0410%0.0,0,0,0,0/
DATA APOPL,DL,X,Y NP /100%0.0,100%0.0,500%0.0,5000%0.0, 0/

END
/GC.SYSIN CD *
6 3 2
.01
1000
2 6
.05 .05
1116
1 3
.05 .05 .05
1277
2 4
.05 .05 .05
1527 )
3 5
.05 .05 .05
2012
4 6
.05 .05 .05
3992 2
5 1
.05 .05

«05

»05

-05

.05

+05

.05

.05

.05

«05

+05

.05

«05

- 05

«05

<05

- 05

«05

.05
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Selected Output from NICOLE
' ‘Using Data Set 2



GEOGRAPIC

PERM
PERM
NEIB
NEIB
PERM
PERM
NEIB
NEIB
PERM
PERM
NEIB
NEIB
PERM
PERM
NEIB
NEIB
PERM
PERM
NEIB
NEIB
PERM
" PERM
NEIB
NEIB

OOV UNVIWVD D DD WWWWNNN RN R e

DATA

IS
IS
IS
IS
IS
1S
IS
IS
IS
IS
IS
IS
IS
IS
IS
IS
IS
IS
IS
IS
IS
IS
IS
IS

0.05000000
000

2

6
0.05C00CCO
0.0500C000

1

3
0.050000¢C0
0.05000000

2

4
0.050C00C0O
0.05000000

3

5
0.05000000
0.05000000

4

6
0.05000C00
c.0

5

1
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POPULATION
POPULATIOCN
POPULATION

POPULATION
POPULATION
POPULATION

POPULATION
POPULATION
POPULATION

POPULAT ION
POPULATION
POPULATION

POPULATION
POPULATION
POPULATION

POPULATIOGN
POPULATION
POPULATION

TOTAL POP
TOTAL POP
TOTAL POP

O N W N - W N [SS IS g

W N e

W N e

IS
IS
IS

IS
IS
IS

IS
IS
IS

IS
IS
IS

IS

IS,
18

IS
IS
IS

IS
IS
IS

PERIQD

AREA
1000.00
1.00
0.0
AREA
1116.00
0.0
0.0
AREA
1277.C0
0.0
0.0
AREA
1527.C0
0.0
0.0
AREA
2012.00
0.0
0.0
AREA
3992.00
0.0
0.0

TOTALS
10924.00
1.00

0.0

IT
IT
IT

IT
IT
IT

IT
IT
IT

IT
IT
IT

IT
IT7
IT

IT
IT
IT

IT
IT
IT

HAS
HAS
HAS

HAS
HAS
HAS

HAS
HAS
HAS

HAS
HAS
HAS

HAS
HAS
HAS

HAS
HAS
HAS

HAS
HAS
HAS

CHANGED
CHANGED
CHANGED

CHANGED
CHANGED
CHANGED

CHANGED
CHANGED
CHANGED

CHANGED
CHANGED
CHANGED

CHANGED

CHANGED.

CHANGED

CHANGED
CHANGED
CHANGED

CHANGED
CHANGED
CHANGED

[oNeNe]
* s
[eNoNe!

[oNeNe]
s

OOO

OO0
* ¢
eR=Ne]

(o NeRel
¢ e
o NeNe

[eNeNe)
e o
OO0

OO0
DY
o NoNe]

oNeNel
« o @
QOO
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POPULATICN
POPULATION
POPULATION

POPULATION
POPULATION

POPULATION

POPULATICN
POPULATION
POPULATION

POPULATION
POPULATIOCN
"POPULATICN

POPULATION
POPULATION
POPULATION

POPULATICN
POPULATIGN
POPULATION

TOTAL PQP
TOTAL PCP
TOTAL POP

WN = [SSIES I ]

W N ==

W N =

W N -

W N

IS
IS
IS

IS
IS
IS

IS
IS
IS

IS
IS
IS

IS
IS
IS

IS
IS
IS

IS
IS
IS

PERIOD

AREA
998.90
1.06
1.03
AREA
1115.92
0.01
0.06
AREA
1277.00
0.00
0.00
AREA
1527.00
0.00
0.00
AREA
2012.00
0.00
0.00
AREA
3692.00
0.00
0.00

TOTALS
10922.82
1.07
1.09

100

IT
IT
IT

IT
17
IT

IT
IT
IT

IT
IT
17

IT
IT
IT

IT
IT
IT

IT
17T
IT

HAS
HAS
HAS

HAS
HAS
HAS

HAS
HAS
HAS

HAS
HAS
HAS

HAS
HAS
HAS

HAS
HAS
HAS

HAS
HAS
HAS

CHANGED
CHANGED
CHANGED

CHANGED
CHANGED
CHANGED

CHANGED
CHANGED
CHANGED

CHANGED
CHANGED
CHANGED

CHANGED
CHANGED
CHANGED

CHANGED
CHANGED
CHANGED

CHANGED
CHANGED
CHANGED
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-10 10
0.C6
1.03

-00 08
0.01
0.C6

-1.18
0.C7
1.C9



POPULATION
POPULATION
POPULATION

POPULATION
POPULATION
POPULATION

POPULATION
POPULATION
POPULATION

POPULATION
POPULATIGN
POPULATICN

POPULATION
POPULATION
POPULATION

POPULATION
POPLLATION
POPULATION

TOTAL POP
TOTAL POP
TOTAL POP

W N -

W N - W N

W N =

W N

IS
IS
IS

IS
IS
IS

IS
IS
IS

IS
IS
IS

IS
IS
IS

IS

IS

IS

IS
IS
IS

PERIGD

AREA
986.08
1.64
13.17
AREA
1113.03
0.53
2.33
AREA
1276.22
0.19
0.47
AREA
1517.05
" 3.99
5.89
AREA
1701.56
157.30
153.09
AREA
89740
1684.92
1409.58

TOTALS
7491.34
1848.57
1584.53

1000

IT
IT
IT

1T
IT
IT

IT
IT
IT
1T
I7
IT

IT
IT

IT

IT
IT
IT

IT
17
IT

HAS
HAS
HAS

HAS
HAS
HAS

HAS
HAS
HAS

HAS
HAS
HAS

HAS
HAS
HAS

HAS
HAS
HAS

HAS
HAS
HAS

CHANGED
CHANGED
CHANGED

CHANGED
CHANGED
CHANGED

CHANGED
CHANGED
CHANGED

CHANGED
CHANGED
CHANGED

CHANGED
CHANGED
CHANGED

CHANGED
CHANGED
CHANGED

CHANGED
CHANGED
CHANGED
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-1.71
0.C7
1.63

_0069
0.13
0.55

—0-35
0.10
0.24

—9.C1
3.63
5437

136.40
136.38

-2385,.17
1166.12
1219.61

-2670.31
1306.44
1363.78



POPULATION
POPULATICN
POPULATION

POPULATICN
POPULATION
POPULATION

POPULATION
POPULATION
POPULATION

POPULATION
POPULATION
POPULATION

POPULATION
POPULATION
POPULATION

POPULATION
POPULATION
POPULATION

TOTAL PCP
TOTAL pPOP
TOTAL POP

SV RS W N b W N VA A W N

W N

W N

IS
IS
IS

IS
IS
IS

IS
IS
IS

IS
IS
IS

IS
IS

Is

IS
IS
IS

IS
1S
IS

PERICD

AREA
899.56
0.67
1C0.20
AREA
745.07
1.10
369.06
AREA
631.37
0.0
645.06
AREA
492.99
0.0
1034.71
AREA
306.84
000
1707.96
AREA
24.97
.0
3967.24

TOTALS
.3100.80
1.77

7824.23.

5000

1T
IT
IT

IT
IT
IT

IT
17
1T

IT
IT
I7

IT
IT
IT

IT
IT
17

1T
IT7
IT

HAS
HAS
HAS

HAS
HAS
HAS

HAS
HAS
HAS

HAS
HAS
HAS

HAS
HAS
HAS

HAS
HAS
HAS

HAS
HAS
HAS

CHANGED
CHANGED
CHANGED

CHANGED
CHANGED
CHANGED

CHANGED
CHANGED
CHANGED

CHANGED
CHANGED
CHANGED

CHANGED
CHANGED
CHANGED

CHANGED
CHANGED
CHANGED

CHANGED
CHANGED
CHANGED

[oReoNe]
* o @
[el*Ne]

-12- 18
-1086
13.89



POPULATION
POPULATICN
POPULATION

POPULATION
POPULATION
POPULATION

POPULATION
POPULATION
POPULATION

POPULATION
POPULATION
POPULATION

POPULATION
POPULATION
POPULATION

POPULATIOCN
POPULATION
POPULATION

TOTAL PGP
TOTAL pCP
TOTAL POP

b AN = w N~ W N [ W N -

W N e

O N e

IS
IS
IS

IS
IS
IS

IS
IS
IS

IS
IS
IS

IS
IS
IS

IS

IS

IS

IS
IS
IS

PERIGD

AREA
890.09
0.02
109.76
AREA
739.47
0.0
374.79
AREA
630.93
0.0
645.18
AREA
492.99
0.0
1034.71
AREA
306.84
0.0
1707.96
AREA
24.97
0.0
13967.24

TOTALS
3085.28
. 0.02
7835.65

10000

1

IT
IT
IT

IT
IT
IT

IT
IT
IT
IT
IT
IT

IT
IT

IT

IT
IT
IT

IT
IT
IT

HAS
HAS
HAS

HAS
HAS
HAS

HAS
HAS
HAS

HAS
HAS
HAS

HAS
HAS
HAS

HAS
HAS
HAS

HAS
HAS
HAS

CHANGED
CHANGED
CHANGED

CHANGED
CHANGED
CHANGED

CHANGED
CHANGED
CHANGED

CHANGED
CHANGED
CHANGED

CHANGED
CHANGED
CHANGED

CHANGED
CHANGED
CHANGED

CHANGED
CHAMGED
CHANGED
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APGCP 1, 1

APOP 2, 1

APOP 3, 1

APCP 4, 1

APOP 5, 1

APOP 6, 1

PGPULATION

FALCULATIONS
TOTAL ?ERCE&T REDUCTION
TOTAL PERCENT REDUCTION
TOTAL PERCENT RECUCTION
TOTAL pERcE&T REDUCTION
TOTAL PERCENT REDUCTION

TOTAL PERCENT REDUCTION

10.991
33.739
50.593
67.715
84.750

99.374

1 TOTAL PERCENT RECUCTION 71.757
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AREA NO. 1 '~

0«40+ + e P ———————————— tm—————————————— +
I I
1 1
1 I
1 I
1 % % % 1
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1 e %k % ok I
1 % % : #k 1
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1 3%k %k sk i
I xk % %k I
I ARk £33 I
1 % %ok ok 1
1 %ok ok : %% 1
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0. 1000. 2000. 300¢C. 4000. 5000.
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EmZ

NMC A OOMTZ

AREA NO. 3

6.00+ + + + et
1 % A koK
1 Xk | %
1 %% *
1 * ke
1 %ok %
I * fe ik
I * %
I * %
1 * %
4.00+ %% %%
I % , %
1 % *
I % *
I % %
1 20k Hok
1 * x
I * %k
I %* #
I * *
2.00+ % % ¥
1 k% *
1 * %ok
I &% £ 3
I * ok
I % . &
I * e
I Xk ] sk ok
1 * %k e e g e
1 %ok Fookok koK
0.0 +XAKKMEXKEKEBEAR K o m e e mem e e e e e e fm————————— B AR KK K e e o e
O 10G0. 2000, 300¢C. 4000, 500

PERIOD
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rmazx

NMCr- = OVIMTNZ -

AREA NO. 4

20 e t——m—mmm e - - e ——————— o e +
I I
I I
I I
I I
I I
I I
1 %ok I
I % ok I
1 k% 1
1 * % %k I
I * % I
I * * I
I %* % ¥ I
I * * 1

10.+ * * ' +
1 * I
I * 1
I * 1
1 * * I
I * * I
I * % % I
I * % I
1 * *ok 1
I * * I
I * % I
1 * % % I
1 % 3 1
I * 3 1
1 * o 3% o Ak 1

Do tXREEAKKREKREEKAX K m e e e e e e tmm————— e e e A e ok ole e 4 e ok e o o ool e K s ok ok o ok o 3 ok ke +
O 1C0¢C. 200¢C. 300C. 4000. 5000.
PERIOD
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AREA NO. 5
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AREA NO. &

300 ,4————m—————————— b ——————— + ———————————— tmm— e — e b ———————————
I
1 %
1 %
1 *
I %*
I *
I
1 *
1 *
200.+
I %
1 *
I
1 %
I %
I
1 x ok
I
1
100.+ I
I %
1 *
1 *
1 ok
I % %
I *
1 % %
I % *#
1 Aok %k
0 o 430383 e o sie o ok o ko o o — = o o 3 e o ol ok ook o 3l e ok 4 e o o ok s o ek v ofe o ofe o e o 4 o e e v ok o o o o oK o ol e K o KK W e e e
0. 1000. 2C00. 300C. 4000. 500

PERIOD

B ret pmd b et gt Pt b el b e e o P b e bl e ot peat o pueg P et pad ey Jod by pmef bud o

19



xrmZ

VM 4 OMNZ

AREA NO. 7

+
+

400+

N
(@]
o
[ ]
Pt sy Pt pmed ey e Pt et e Pl jmag Beed P M jaeg P Demd pmed pnag Pl g gl e e e fmd omd

1 .
0 o 4% k08 oo e o ok e ok

0.

+ +

#*
€ 3¢ 3 3 3

%
*

3

* %
% ok ok

* kool
* e ok e o o ke e ok o e e e

e ———————————— b ——— 30 oo o et ok o sk ook ok 3 ok o ok ok ok o o Ak ok ok

1000. 2000. 300C. . 4C00.

PERICD

29



APPENDIX C

Summary of the Solution

of Ten NET Models



64

CONVENTIONS USED TO SUMMARIZE

THE 10 NET DATA SETS PRESENTED IN APPENDIX C

DATA SET X

Number of s—s—s———edmw XoX—, XX o= A]1] permeabilities
AREAs are equal and
have this wvalue

L or €C: indicating a Linear
or Cubic arrangement

Initial number of infectives

Initial number
of
susceptibles

Final number
of
susceptibles

Intensity of
epidenic
expressed as
a percentage

Indicates that
ARCA 2 is a
neighbor of
AREA 1 and
that AREA 1

is a neighbor

of AREA 2

Figure C,1



DATA SET 1
6-L-~0

AREA 2
1116 1 884
20,80

AREA 1 1 [ AREA 3
1000 1 956 1277 1 763
5,38 | | x0.29

"AREA 4
1527 1 609
60,14 |

AREA 5
2012 2 400
80,14

" AREA TOTAL
10924 8 3689
66.23%

T AREA 6
3992 2 78
98,05

RUN TIME MAXIMUM PERIOD RELATIVE REMOVAL

9.15 10,000 RATE 1,000



DATA SET 2
6"’L—. 05

P EreT—
1116 0 734 |
LTV

1277 0 375 }§
50.59 1

T AREA 1 |
1000 1 890 §
10.99_

TAREA &
1527 0 493
67.72_

5
2012 0 307
84,75

[ AREA TOTAL |
10924 1 5085}

AREA 6 |
3992 0 25
_99.37

7156 )

RUN TIME MAXIMUM PERIOD RELATIVE REMOVAL

8433 10,000 RATE 1,000
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DATA SET 3

6""1}“'. 25

CAREA 2
1116 0 739
33.81 /

Atea 1§ (~ AREA 3
1000 0 930 § b 1277 0 627
_7.03 | §  50.91

TAREA &}
1527 0 492
67.76

AREA 5 |
2012 0 307

{ ARiA TOTAL |
110924 2 3119
71,45

i AREA 6
| 3992 2 25
2238

RUN TIME MAXIMUM PERIOD RELATIVE REMOVAL

9.33 10,000 RATE 1,000
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DATA SET 4
S‘L-005

ARSA 1
1000 1 891 |
10.90 |

TAREA 2
1200 0 675 :
43,78 |

e e
1400 0 550 |

TANGA k&
1600 0 437
72,70

CAREA 5 |

1800 0 429 |
_76.17 |

RUN TIME MAXIMUM PERIOD
74k 10,000

| AREA

7000 1 2981
57.41

RELATIVE REMOVAL

RATE 1,000

TOTAL |

68



AREA

RUN TIME

743

DATA SET 5

5"'L-’o 05

AREA 1
1000 0 927

7.25

;

AREA 2
11200 0 682
43,20

b

1400 0 551
50.65 1

-AREA‘dw“
1600 0 443
72,52

AREA 5
1800 2 404
77.54

MAXIMUM PERIOD

10,000

AREA

AREA TOTAL
7000 2 3007
57.03

RELATIVE REMOVAL

RATE 1,000

69



RUN TIME

5.24

DATA SET 6
S-L"o 25

AREA 1
1000 1 704

TAREA 2
1200 0 288 |
75.98

AREA 3
1400 0 233
83,34

CAREA &

1600 0 56

96.52
AREA 5

1800 0 383
78.72

MAXIMUM PERIOD

3,500

AREA

AREBA TOTAL

7000 1 1664

76,22

RELATIVE REMOVAL

RATE 1,000
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AREA

RUN TIME

5.45

DATA SET 7

S-L". 25

AREA 1
1000 0 730
26,94

{

AREA 2
1200 0 302
74.85

§

AREA 3
1400 0 238
82,99

;

ARBA 4
1600 0 58
96,39

{

AREA 5
1800 2 545

80,36

MAXIMUM PERIOD

4,500

AHEA TOTAL
7000 2 1681
75497

RELATIVE REMOVAL

RATE 1,000
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DATA SET 8
6-C-.05

AREA 5 |
1000 0 690 §
30,94 |

TAREA 2 | [ AnuA 1 ] [ ARUA & |
1000 0 690 f=€=~>F 1000 1 646 | | 1000 0 690 |
LT EPTL: N 2020

ARKA 3 |
1000 0 690 §
30,94 &

T
1000 0 699
2000

b AncA toran |
6000 1 4107 |

AREA 5

210k

RUN TIME MAXIMUM PERIOD RELATIVE REMOVAL

8,17 8,000 RATE 1,000
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DATA SET 9

6—0-. 25

ANLCA 5
1000 1 201
79.86

CAREA 4}
1000 1 201

AREA 2 . |

1000 1 201 [ 3w |

79.86

79.86

1000 1 201 |
0286

1000 1 201 :
_79.86 |

T ARBA TOTAL
6000 6 1208}
79.86 ;

RUN TIME MAXIMUM PERIOD RELATIVE REMOGVAL

5.47 2,000 RATE 1,000
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DATA SET 10

6_C"o 25

AREA 5
-4 1000 0 203
79,66
AREA 2 | AREA 1 AREA 4
1000 0 203 Jet—s~1 1000 1 184 j=t—3f 1000 0 203
79.66 l 81, 56 1 79.66
ARuA 3
1000 0 203
79 66
s
AREA 6
1000 0 21%
78,63
AREA 5 AREA TOTAL
6000 1 1212
79,81
RUN TIME MAXIMUM PERIOD RELATIVE REMOVAL

5¢37 2,000 RATE 1,000
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12.
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