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ABSTRACT

This paper reviews a series of technigues which have been used by
the systems planner to aid him in best achieving his objectives in light
of the physical limitations imposed upon him by the system. These techniques
have been collectively called optimization techniques. The report briefly
reviews these techniques from a mathematical viewpoint and then proceeds to
summarize the.applications of these techniques to ecosystem problems.
Another section speculates on other possible applications of optimization
techniques in ecosystem problems.

Finally, the paper reviews the general application of optimization
techniques to land use planning and tries to develop a general procedure
for maximizing the ''equality of life'" in a conmunity by the proper allocation
of land in the community between the urban, agricultural, and range sections.
This prob1em represents an interdisciplinary approach to the solution of
land resource planning problems and combines the inputs of the various

disciplines into an optimization framework.



1. INTRODUCTION

Until very recently, ecosystem planning has been done in a very ad hoc
fashion. The planner, by finding out a great deal about the system and
by trying various management approaches, was eventually able to come out
with a decision-making framework which often proved adequate to his needs.
However, the planner recently has been called upon to make decisions about
systems which are too large and complex for him to understand and which are
changing too rapidly to allow his ad hoc procedure for decision making to
adequately keep up with the system changes.

At about the same time as this problem began confronting ecosystem
planners, a group of techniques was being developed to help handie similar
problems in industrial systems. These techniques go under the common name
of operations research. They are basically techniques which allow the
planner to insert his objectives into a mathematical framework which
results in a decision based both on the planner's objectives and the physical
constraints imposed by the system. Recently these techniques have also come
to be applied in ecosystem management situations. While they often do not
give any advantage in situations where a person has been making decisions
about a system for a long time, they help supply direction in newly
instituted systems. Of course, they are no panacea and the decisions
resulting from operations research application must be reevaluated and
often altered.

A technical report by Swartzman (1970) entitled ''Some Concepts of
Modelling' addresses problems in the areas of simulation and outlines the
approach that we in the U.S. [BP Grassland Biome are using in our eco-

system simulation modelling. It is our hope to produce a report concerning
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optimization technigues similar to the modelling paper. We also will
attempt to "exercise' these techniques on an example problem--specifically
one dealing with land use planning.

It is recognized that a great deal of the complexity facing the
ecosystem planner does not arise solely from the natural ecosystem itself
but from human pressures on the ecosystem. For example, the game hunter
requlating agency must consider not only the big game population dynamics
but also the effects of hunting pressure, of the types of hunters, of
road building, etc. Human systems have been studied by sociologists,
political scientists, economists, psychologists, and human ecologists,
and it is the input of these individuals to the development of a complete
understanding of the system that we feel is presently needed.l/

In:o;der to Be able to get the inputs of sociologists, political
scientists, economists, and environmental lawyers to problems of ecological
and land use planning, we organized a series of day-long seminars which

were held at monthly intervals. In all there were four workshops. We

v It has been pointed out to the author by one of the reviewers that the

terms systems planner or manager are not clearly defined. In general,
when one thinks of management, one thinks of the class of authorities

or managers who make decisions in their own interests. This has
frequently been termed Freudian revisionism in the sense that frequently
these ''managers' make decisions without trying to ascertain the public
interest with respect to these decisions and by trying to take advantage
of the insecurity of the individual in a mass society utilizing his
fears and feelings of inadequacies (which he has learned from Freud)

to manipulate the public. On the other end is the conscientious
authority or planner who tries to make decisions with the best interests
of the public at heart. We wish to remové all lack of clarity from our
preceding statements by putting ourselves on the side of the public
interests. We hope that in the future more and more decisions will be
made with a real interest in the needs of the public. Specifically, we
hope for greater public participation in choosing between alternative
futures.
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understood that initial communication difficulty would result, Not only were
the social scientists unfamiliar with the optimization techniques which we
hoped to utilize, but frequently they were unfamiliar with the work of

socijal scientists in related areas and were certainly unaware of the work
done by ecologists in this area. To develop a sounder communications

base concerning the techniques we were considering, we devoted the first two
workshops to a review of optimization techniques and some of their
applications in resource management. The review of optimization techniques
appears in Section 3 of this report while the applications are reviewed in
Section 4,

Plenty of time was allowed for small group discussions to try to
generate new applications for the techniques in the areas of expertise
of the participants during the first two sessions.

To deal with the problem that the social and biological scientists
were relatively unfamiliar with the work done by other participants in
different areas of social and biological sciences, we spent the last two
weeks trying to relate optimization techniques to a specific problem which
would involve the inputs from each of the Hexperts'' who had been involved
in the workshop. This problem was a general land allocation problem in a
western country. 1t is introduced as a potential application of operations
research to a large-scale planning problem and the work carried out in

trying to define and formulate this problem is described in Section 6.



2. OPERATIONS RESEARCH USE IN ECOLOGICAL SYSTEMS

The question arises at this point ''Why might operations research
techniques prove useful in ecosystem and land use planning?' It was
recognized in the introduction that operations research techniques have
been successfully applied in industrial systems where a great deal of data
could be collected and the results of the system very easily monitored.
However, what application will these have in ecological systems where data
is frequently difficult to collect and in land use planning where inter-
action might be necessary between experts in such diverse fields as
sociology, ecology, economics, law, and political science?

Part of the answer to this question might come from an examination
of how models are built. The first step in the building of a model is
frequentfy to assemble the ideas about the system and the past data that
have beeﬁ_collected concerning the system and the hypotheses formulated
about the system into a "word" model of the system. This word model is
initially largely quantitative in nature-—frequently containing many abstract
ideas which, although intuitively peering, are not easily quantifiable.
This word model might not be overly difficult to formulate for an industrial
system such as an assembly line process, but when dealing with complex
ecological and human social systems, the word model might be difficult
indeed to formulate. In fact, it may happen that not one word model but
several word models exist which describe segments of the system without
any single word model adequately describing the whole system. This then
is very frequently the difficulty confronting an ecological or Jand use
planner when he comes to make decisions about complex systems. He cannot
get the information he needs from any one expert because the fields of

expertise have not, up until recently, dealt with complex whole systems.
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He may find, in fact, that he does not have the adequate framework to combine
the word models that he has received by talking with experts in the various.
fields dealing with the system he must make decisions about.

We offer the mathematical quantification techniques of operations
research as a possible framework for combining the many word models
formulated by experts in various subsystems within a complex system. The
advantages of such techniques are that they focus specifically on the
planner's problem of making a decision about a system. Therefore, when
the planner tries to combine the word models of the various experts that
he has consulted, he can, hopefully, have them focus on the factors which
are most important to him in his decision making. Also, the general jJist
of the optimization (operations research) techniques are fairly simple to
understand and can provide a common ''language'' for communication between
the experts and the previously separate fields of expertise. It is
postulated in this paper and an attempt is made to show (see Section 6)
that optimization techniques can provide a viable framework for decision
making in large-scale, complex ecosystems. There are, understandably, many
difficulties with the use of optimization techniques in such large-scale
planning problems. When moving from a highly articulate and information-
filled word model or a group of word models to a general gquantitative
model as is done in optimization modelling, a great deal of information
must be sacrificed. This may be due both to the fact that many of the
variables in the word model are not easily collectable and also that
many of the variables are not considered important enough to be introduced
into the quantified model although they do have a definite effect when
added altogether on the system. There are also several other detrimental

aspects to the use of a highly precise mathematically gquantified technique
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as research techniques for large-scale systems planning. 1t is frequently
difficult to separate the objectives of a systems planner from the system
itself. However, there is no provision in the optimization techniques,
per se, for separating a system from the objectives of the system,

Another important difficulty is that making a decision which will
effect the system frequently changes the system. With this in mind, the
new system resulting from a combination both of the original system and
decisions made with respect to it must be reevaluated after the decisions
resulting from the optimization techniques are instituted.

So we see that these techniques when applied to ecosystems are still a
long way from the continuous monitoring and instantaneous decision making
that is presently‘éoing on in our space programs. The main benefit of the
optimizétjon techniques is that a great deal can be learned from the
structuring of the problem and that the solution may be seen as a comparison
point against techniques that are presently used to handle the real life
problem. If we know the strengths and weaknesses of existing solution
techniques, we can move on to more sophisticated and more appropriate

techniques in the realm of ecosystem decision theory and practice.



3. REVIEW OF OPTIMIZATION TECHNIQUES

In the following section we review in a fairly general fashion the
operations research techniques which we deemed potentially applicable
to ecosystem problems. We apologize initially for the discontinuous
writing style, but this section represents the efforts of the various
individuals in the workshop group who spoke on these various techniques.

Table 3.1 below gives a brief summary of the various techniques to
be discussed in this section. It is for purposes of comparison and gives
in brief form the objectives of the various optimization techniques.

Table 3.1 also tells whether the technique fis 1inear or nonlinear,
static or dynamic, and deterministic or stochastic.g/ This can be used
as a gauge of difficulty of solution. Difficulty of solution generally
increases continuously in moving from linear, static, deterministic models
to nonlinear, dynamic, stochastic models. Notable exceptions are queueing
theory problems which, while nonlinear, dynamic, and stochastic are some-
times easier to solve than some linear programming problems.

in Table 3.1 the objective fumetion refers to the objectives set by the

planners. In optimization techniques we look for those values of the

2/

£ By linear it is meant that all the functions which represent the system
or the objective function must be straight lines, while nonlinear
formulations are not limited to straight lines alone. By static it is
meant that the formulation does not include time as a specific manipulable
variable, whereas dynamic optimization technigues have the ability to
recognize explicitly that the objectives and/or the system change over
time. A deterministic formulation does not allow for probabilistic
elements in any of the variables in the system, whereas a stochastic
technique allows for this. Because of the somewhat mathematical nature
of the descriptions of the techniques in this section, the reader who is
unfamiliar with mathematical notation may want to focus his or her
attention on Table 3.1 and read only the introduction to each of the
following sections in Section 3.



Table 3.1. Relationship between optimization techniques.
Type of i ‘ Ltinear or Static or Deterministic
Technique Objective Nonlinear Dynamic or Stochastic
1. Linear Yo maximize or minimize obJective function subject to Linsar Static Deterministic
programming constraints,
2. Nonlinear To maximize or minimize objective function subject to ‘Nonl Inear Statlc Deterministic
programming constralnts.
3. Stoéﬁastlc To maximize or minimize objective function subject to Either Statlc Stochastlc
programming constralnts.
4, Dynamic and To maxImize or minimjze cbjective function over time subject Either Dynamic Either
recursive to constralnts and recursion relations which relate to
programming states earllier in time.
5. Simulation To maximize or minimlze objective functions at discrete Either Static Either
optimization stages over time with constraints supplied by a simulation, optimization
with dynamic
simulation
6, Operational ~To test various management procedures using a simulation of Either Dynamic Detearministic
{simulatlon) a system to find the one that gives the highest valve of
gaming an objective function over time.
7. Experimental To determine the optimal value of an objective function by Either Statle Either
optimlzation performing a series of experiments on the pertinent
variables.
8. Game theory To find the best strategles of each of the players in a tither Elther Either
"game."
9, Calculus of To find the optimal control which maximizes the objective Either Dynamic Peterministic
variations function when the variables are given by differential
egquatlions.
10, Statistical To find the "best" estimators to represent sampled popula- Efther Statlc Stochastic
optimization tions.
11. PERT and CPH To plan a complex job for completion In the minimum time Linear Dynamic CPH-
possible. determinlstic
PERT-
stochastic
12. Queueing and  To plan a service facility which services random demands for Nonlinear Dynamic Stochastic
inventory service in the best fashion with respect to selected
theory management criteria.
13. Quasilinear- To linearize a nonlinear problem to a series of linear Converts Dynamic Deterministic
ization problems. It is often used in conjunction with dynamic nenlinear
programning or calculus of variations to linearize non- to linear
|inear functions.
th, Benefit-cost To compare various selected management procedures with Nonlinear Static Deterministic

analysis

respect to their benefit-cost ratios.
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controllable variables which give the maximal value of the objective
function. The maximal value of the objective function is obtained by
manipulating the variables upon which the objective function depends. This
manipulation, generally called an algorithm, to get the best combination of
controllable variables with regard to selected objectives (quantified in the

objective function) is the essence of optimization techniques.

3.1 Linear Programming

3.1.1 History. Linear programming was the first of the '"programming"
optimization techniques to be developed and the first one with a computer
algorithm worked out. It was developed in 1947 by Dantzig, who also worked
out the first solution algorithm, which is still the most commonly used
algorithm, called the Simplex method. Some references on the techniques
are Spivey (1963), Hadley (1962), and Dantzig (1963), The main use of
linear programming has come since its implementation on the digital
computer, which has reduced solution times from the order of 120 man-days
to one or two seconds for the same problem,

3.1.2 The linear programming formulation. Basically, the technique
may be looked at as giving the maximum or minimum value of some objective
function which is a linear function of a set of variables which may be
varied (controlled) by implementer of the linear programming technique.
There are also a series of comstraints to the problem which limit the
size that the variables may take. In linear programming the constraints
are also linear functions of the controllable variables. There are also,
in many physical applications of linear programming, the so-called non-

negativity constraints which restrain the variables from taking negative
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values. The linear programming format may be stated in matrix notation

as in equation (3.1.1) below or in subscript notation as in (3.1.2).

max (min) C x
hx
z

n

maximize (min) E

where

and X; > 1 for all 1.

The controllable variables are represented by the vector X.

The

(3.1.1)

(3.1.2)

coefficients in the linear objective function of the variables in X are

noted by gT, where the ET is the transpose of the row vector { and is

therefore a column vector of constant coefficients. The matrix A is

the constraint matrix which, when multiplied by the variable vector X,

gives a linear combination of the variables which must be greater than

or less than certain constants which are represented in vector form by b.

The non-negativity constraints are represented by the vector X heing

greater than or equal to the vector 0 which implies that each of the

variables in the X vector is greater than zero.
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Solution to linear programming problems may be obtained using a graphical
solution technique when there are only two or three variables. Consider the

following objective function which is to be maximized:

5)(1 + 3x2

We want to select values of 1 and Xy which will give us the maximum value
for f(x). However, there are also some constraints on the selection of

values of Xy and Xgs These constraints are:

3x, + 5x, < 15

5x1 + 2x2 < 10

These two inequalities indicate that the values of X4 and Xy to be chosen
to maximize the objective function above must simul taneously satisfy the
inequalifies that are listed in the two equations above.

We may represent the two inequality constraints in a graph of X4 against

X The graph showing these constraints appears in Fig. 3.1.1 below:

2
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AR WA ; Best objective function curve (5xI 1 3x2= i14.45)

NN VAN Bx, t 2x

, =10

(1.05, 2.4)

N

Family of lines 5x 93x =

Fig. 3.1.1. Graphical solution to example linear programming problem.

The objective function, which is also linear, may be graphed on the same
set of axes. It is a family of straight lines. The particular line which
gives the maximum value of the objective function (that is the maximum value
of 5x1 + 3x2) and alsd satisfies the constraints, turns out to be the point
within the shaded area, represented by the combination of the constraint
equations, that gives the maximum value for the objective function. In
linear programming this point is always one of the vertex points of the

3/

convex set= which is bounded by the constraint equations. You may see from

the graph above that some of the objective function lines lie above this

¥ A convex set is a surface such that a line connecting any two points

contained in the surface lies entirely within the surface.
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convex set and some intersect it. The line that gives the maximum value is

the one that intersects the convex set furthest to the right. 1In this

problem it turns out that the best line for the objective function, that is,

the line with the highest value of the objective function which still intersects
the convex set determined by the constraints is the line 5x1 + 3x2 = 14,45
which intersects the convex set at only one point--the point X, = 1.05, and

X, = 2. 4. HMotice that this point is one of the vertices formed by the

boundary of the convex set. In this particular case it represents the inter-
section point of the two lines 5x1 + 2x2 = 10 and 3x1 + 5x2 = 15,

The Simplex solution algorithm for linear programming problems uses the
fact that the best solution for the objective function in a linear programming
problem always occurs at one of the vertices of the boundary determined by the
constraint equations, Thus, it consists of moving from vertex to vertex in
such a way as to always increase the value of the objective function until
the vertex which gives the maximum value of the objective is found. Although
in this problem the solution was quite trivial, in many problems there are
many more than two constraints and two variables. This results in problems
which cannot be graphed in two or even three dimensions and which have a
great many vertices. This is why the computer is of great value in the solution
of such kinds of problems. Several good computer programs for solving linear
programming problems are available in most computer center library files.
tn the U.S. IBP Grassland Biome Program we have found two specific programs
to be quite useful. These are LINPROG and a simpler program entitled OPTIMIZ,

Linear programming problems have the specific simplicity thatithe
objective function and constraints are always linear functions of the
variables. This means that the coefficients are not direct functions of

the variables and that the variables appear in the equations in first order
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(i.e., there are no sguare terms Or square roots, etc.). Also, the equations
are assumed to be deterministic, and the problems are static in that there
are no variables which can change over time. |f these conditions are not
satisfied, then the problem is no longer linear.

3.1.3 Duality and sensitivity analysis. Two other concepts in linear
programming which are of some importance afe duality and sensitivity analysis.
The concept of duality says that for every maximization problem there is a
corresponding minimization problem which has exactly the same solution value
as the maximization problem, and vice versa. Furthermore, the coefficients
in the dual problem bear an interesting relationship to the coefficients
in the original (primal) problem. Equation {3.1.3) below shows, in vector
notation, the relationship between the coefficients in the primal and dual
problem. The variables u in the dual problem usually bear no physical
relationship to the variables in the primal problem. Furthermore, it is
only the value of the objective function that is the same in the solution
to the primal and the dual linear programming problems, not the values of
the variables. Another interesting relationship is that the number of
variables in the primal problem is equal to the number of constraint
equations in the dual problem, and vice versa, Also, any less-than-or-
equal-to constraint (<) in the primal problem gets changed to a

greater-than-or-equal-to constraint (>) in the dual problem, and vice versa.
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Primal Dual
max CT§ min QTE
< r [z
Ax b Au c (3.1.3)
> 7 R Y
x > 9 u 2 9

Duality usually plays an important role in sensitivity amalysis. Sensi-
tivity analysis is performed to find out how much the objective function can
be changed without changing the point at which the optimal solution to the
problem occurs. |t is sometimes also used to see how much the b vector in
the constraints can be changed without changing the value of the objective
function. Since the b vector in the primal problem is in the objective
function in the dual problem, changing the coefficients in the objective
functions in the dual problem is eguivalent to changing the b vector in the
constraints of the primal problem. This tells us how sensitive the solution
is to changes in the E vector.

More realism may be often included in a problem formulation by making
some of the constraints or objective function nonlinear, by adding random
elements into the problem, or by including time as an explicit variable in
the problem. This generally increases by manyfold the complexity of the
solution technique. Thus, in choosing a programming formulation there is
frequently the decision to be made between a simple easily solved problem or
a more realistic problem which would be more difficult to salve, A discussion

of some of the difficulties in solving more complex types of programming
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problems will be included in a discussion of some of the other programming

techniques,

3.2 Nonlinear Programming

Nonlinear programming problems are similar to linear programming
problems except that the objective function, the constraint equations,
or both may be nonlinear. That is, they may be made of curvilinear functions
rather than solely linear functions. The addition of nonlinear terms to the
objective function or constraint adds a great deal of complexity to the
mathematical techniques for solution of the problem. In fact, in some
nonlinear programming problems there is no technique which can assure a
single best solution. In some nonlinear programming problems no such best
solution exists. References on mathematical solution techniques for nonlinear
programming problems are Hadley (1964) and Kunzi, Tzschach, and Zehnder
(1968) .

The simplest extention to a nonlinear from a linear programming
problem is the quadratic programming problem. In this problem the objective
function has quadratic (second-order) terms as well as linear (first-order)
terms. The constraints, however, are all linear. As an example of a
quadratic programming problem which will introduce some of the difficulties
of solution, let us consider the following two-dimensional problem which we

will solve graphically in Fig. 3.2.1.

minimize X 2 + 2
ini 1 Xy
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Feasible Domain

,2x|+4x2= i2

a1 ,
i
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Fig. 3.2.1. Sample quadratic programming problem with solution.
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where
x1 + x2 > 2
2x1 + hxz < 12
(3.2.1)
x1 > "
Xy 2 0

The objective function, xl2 + x22,is a cirele and the minimum value of
it is the point Xy = 1 and X, = 1, giving a minimum value of the objective
function of 2. The solution in this case was done graphically with the
radius of the optimal circle and the optimal point determined geometrically,
it would also be possible to approximate the optimal value graphically by
measuring the radius of the optimal circle. The optimal solution does not
occur at a vertex of the feasible domain. This makes it extremely difficult
to develop a simple algorithm to solve these problems since the solution is
equally likely to be anywhere along the boundary of the feasible domain.
There are several algorithms that have been worked out to directly solve
quadratic programming problems.

Considering the simplest imaginable nonlinear programming problem given
above it is clear that finding a solution to a nonlinear programming problem
is often an extremely difficult task.

A great number of algorithms have been developed to solve nonlinear
programming problems. The main difficulty in these algorithms is finding
an initial solution inside the feasible domain. This may be extremely
difficult to do when the constraints are not linear. One algorithm which
has been implemented on a digital computer is the technique of Fiacco and

McCormick (1964). This technique attempts to solve a nonlinear programming
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problem with constraints by converting it into an unconstrained maximization
problem which has the constraints in them and some parameters which are then
allowed to go to zero in the technique to eventually give the solution to

the original problem. This technique has all the disadvantages of most of

the other algorithms and does not assure a solution to many nonlinear
programming problems., It will, however, assure a solution within a finite
number of steps if certain general conditions about the shape of the constraint
and objective function curves are obeyed. Heuristically speaking, these
conditions are that the objective function must be convex (that is, it must

be as smoothly shaped as a bowl and must be curved so that if it were a bowl

it would hold water). Also, the constraints must ail be concave functiﬁns
(they must be smoothly curved and must be like an upside down bowl, heuristically
speaking) , and they must have first and second derivatives that exist at all
points (i.e., they must be continuous functions). These are somewhat
constrictive functions and remove all winding and jagged curves from

consideration when a solution to the problem is desired.

3.3 Stochastic Programming

The general statement of a stochastic programming problem is very
similar to a linear or nonlinear programming problem. The difference is that
some of the coefficients either in the A matrix, the b constraint vector,
or the C objective function vector may be random in nature. In general, the
assumption is made that the random elements have a known mean and a known
variable, with a normal distribution.

3.3.1 Finite random variables. A solution algorithm to a stochastic

programming problem exists when each coefficient on the objective function
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" cam-take on only one of a finite number of known values. It is possible

to solve these problems because there are only a finite number of possible
combinations of the variable values. This procedure is covered in Hiltier
and Liebermann (1967). This is essentially a combination of expected value
problems with linear programming so that the objective function is to

minimize

X (3.3.1)

subject to 5k§ < ?k’ where Py is the probability that the vector gk takes
on a given set of values.

This is an intuitively simple approach, but it may be computationally
difficult if 1 is large. |t may also result in values of X which may be the
best 'average' values but which may not meet the requirements of any particular
set of parameter values.

3.3.2 Stochastic elements in the comstraint b vector. An algorithm
called the chance-constrained procedure deals with problems where there is
variation only in the right-hand side of the constraints (the b vector}.

The procedure essentially is to replace the original random problem by
another deterministic problem having an additional term added to the b

vector,
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subject to
, for j= 1, 2, cvey m, (3.3.2)

and

x, >0 , fori=1,2, ..., D

where aij are the coefficients of the constraint equations, the x; are the
controllable variables, Ej is the mean value of the right~hand side for
constraint i, and ¢, are the objective function coefficients. The usual
values bj are replaced by the méan values of the variable population Ej'
The Kuj are the factors added on to Ej to assure satisfying constraint j
with probability 1-a. The obj is the standard deviation of the random
variable bj' After the addition of Kaj to bj the solution algorithm is
the same as a deterministic probiem.

3.3.3 Probabilistic coefficients in the objective funetion. This
procedure is outlined by Sinha (1963). |If the only probabilistic coefficients

on the problem are in the objective function, coefficients C, the problem can

be reformulated as

- vx)? (3.3.3)

P

minimize f_,
min

1
[ ]
X

subject to

o

and
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Here Ax, E, and C are as usually defined, and v is the covariance matrix of
the random variables C. This is a quadratic programming problem and can be
solved by the usual quadratic programming solution techniques if the original
problem was a linear stochastic programming probiem,

3.3.4 Probabilistic coefficients in the A matrix. |If a stochastic
Iinear programming problem has random elements only in the A matrix (the
constraint coefficients), then it can be reformulated as a nonlinear
programming problem by a method of Charnes and Cooper (1961). The original

problem is reformulated to
- T
minimize C'x

subject to

Ax + E(XTvx)£ > b (3.3.4)

e

and
x>0

where the elements in A are now the mean values of the matrix coefficients,
M is their covariance matrix, b is the right-hand side of the constraints,
and k is related to the probability that the constraints are satisfied,
assuming a normal distribution of the aij's of the 5 matrix.

3.3.5 Monte Carlo simulations. |f the problem is more complex than
any of those stated above, it can still be approachéd by Monte Carlo
simulation. This consists of a series of runs of the problem as a determin-
istic problem, with the coefficients for each run of the problem generated

using a random number generator. The problem is rerun many times to get

an "average'' solution.
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3.4 Dynamic Programming.
3.4.1 History and bastes. Dynamic programming was developed by
Richard Bellman during the postwar period and the first solution algorithms
were worked out in 1955. The techniques, while frequently clumsy and
inapplicable to very large problems, have remained in fairly common use
due largely to the ingenuity of Bellman and his cohorts in structuring
medjum-sized problems into a simpler form to allow for a dynamic programming
solution. |t might be initially mentioned that dynamic programming techniques,
unlike other programming techniques, do not relate to specific solution
algorithms, but rather might be more adequately described as relating to
a philosophy of solution techniques. Several good accounts of some of the
techniques appear in Bellman and Dreyfus (1962), Bellman (1957), White {1969),
and Howard (1960).
Basically, the techniques may be looked at as optimizing {maximizing
or minimizing) ''the total cost'' over a path or policy which moves between
states subject to decisions at each stage of the process. The optimal
policy is that set of decisions which result in a minimal {or maximal) cost
over the time period of the problem. The decision stages are generally at
discrete time intervals. Thus, dynamic programming problems are dynamic
in that they offer solutions to objective functions over a period of time.
The major principle which guides solution technigues in dynamic program-
ming is called the "principle of optimality." Basically, this principle is
equivalent to the Markovian property which says that whatever state you go
to depends only on what state you are in and not on the previous history of
the problem, The principle of optimality says that an optimal policy has the

property that, whatever the initial state and decision, the remaining
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decisions must constitute an optimal policy with regard to the state resulting
from the first decision. Two commonly used dynamic programming algorithms
are the method of successive approzximations and the method of approximation
in policy space.

Heuristically, the first technique consists of finding the set of
decisions that gives you the minimum transfers from the beginning state
to the end state in 1, 2, 3, 4, 5, ..., n steps or decisions and then picking
the minimum of these. |f there are n possible states, completion of the
algorithm is guaranteed in n-1 steps or decision stages. 0f course, if n
is large, this could be a very large number of steps. Also, the computation
of the minimal transfer for n steps is a very tedious task if n is large.
In the method of approximation in policy space you pick any policy that gets
from the beginning state to the end state, and you keep refining it by a
mechanical technique (an algorithm)., This technique also assures conversion
of the algorithm in n-1 steps.

The following review of dynamic programming is slightly more mathematical.
It goes through several of the basic considerations in dynamic programming
and solves an example problem using both the method of successful approximations
and method of approximation in policy space. 1t may be skipped by the person
who does not have a high degree of mathematical expertise without losing a
great deal of understanding in the discussion to follow.

3.4.2 uUptimal path problem. Given a set of points {pi} i=1, ..., n
with an associated cost matrix [Cij]’ where Cij is the cost of moving
directly from p, to P; in one move (0 < 2F < @), We wish to know the
minimal cost of moving from any point p. to point P (the end) using as

many moves as required and the optimal sequence of moves to obtain this cost.
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Alternatively, the problem may be looked a£ as an n-stage decision process
in which you begin in one state, x,, and end in another, X Each decision
results in a transfer between states which has a cost associated with it.

The objective is to minimize the total cost of the process, this being some
function (not necessarily the sum) of the costs cij associated with each of
the decisions.

Usually the assumption is made that the stages are related to each other
in Markovian fashion, i.e., the state you are in at stage n depends only on
where you were at stage n-1 and your decision there--not on previous stages
(not directly),

3.4.3 Principle of optimality in sequentially controlled systems.

Optimal policy. Whatever the initial state and initial decisions are,
the remaining decisions must constitute an optimal policy with regard to the
stage resulting from the first decision {Bellman 1957).

The funectional equation. Denote the X of above by 1. The decision
d{i) moves us from state i to state j with cost Cij' Let the cost %ssociated
with the optimal policy be denoted by f(i). Invoking the principle%of

, . |
optimality, the cost of going from i to j and then optimally from j (i.e.,

c., +
B

to give us minimum total cost) to r {where r is the final state) is

f(j). Then choose the j which minimizes this cost of going from i ﬁo re

£(i) = min [ciJ. + £())] . (3.4.1)
J |
This is called the forward functional equation.
Similarly, the optimal policy to get from point r to point | tHrough

some j (one step before i) has a cost f(i) given by:
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£(i) = min [f(j) + cji] (3.4.2)
J
This is termed the backward functional equation.
Combining (3.4.1) and (3.4.2) to get between any two points i and j in
an unspecified number of steps, the optimal {minimum) cost would be:
£(i,j) = min [f(i,s) + f(s,j)] (3.4.3)
5
3.4.4 Computational algorithms (solution techniques). For demonstration
let us develop the method of successive approximations mathematically.
Method of successive approximations. Define f1(i) =c.. (cost to go

from i to n in one step). Also define

£ (i) =min [c.. +f _ (i)] (minimum cost to go (3.4.,4)
n . ij n - :
J from i to n in n steps)

i.e.,

f. (i) = min [Cij + f1(j)]

At each stage determine the optimal policy Sn(i) which is the decision network
(s) which gives minimum cost,

The sequence {fn(i)} converges to a unique solution of equation (3.4.1)
in at most n-1 steps if there are n states.

For example, consider the following "cost' matrix,
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y 2 3 k5
0 20 5 o @
20 0 10 8 20
5 10 0 o 40
= | 8] =1 0| ¢
o 20 4o 6 0
i
» 2 3 b 5
o 20 4o 6 o
5 | s | 5|5 |5
40 14 30 6 0
2 | u | 2| B
3 |14 |24 | 6 | o
2 | Bl 2 | | s
29 14 24 6 0
S o | s

Optimal solution
from 125 is 1-3-2-4-5
and the cost is 29.



How do we get the above table?

|
(3]

f1(i) =

F,(0) = min [F() + ]

J

Form f1(j) e and take the minimum overall j for each 1i.

Similarly f3(i) = m}n [fz(j) + cij]'

Form fz(j) *ey; and take the minimum for each i,
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Similarly the fa) + € matrix is:

Notice that in this simple problem the solution technique is still

somewhat cumbersome. Problems with more variables take orders of magnitude
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more time. Also, it becomes clear that if the number of states is large the

computations can become extremely tedious.

3.5 Simulation-Optimization

The simulation-~optimization (SIM-OPT) approach is an ad hoc approach
to dynamic systems cgptimization which takes a simulation of a system and then
interrupts it at equal intervals by optimization decision programs (these
may be linear, nonlinear, or stochastic programming) which make optimiza-
tion decisions on how to add to, subtract from, or modify the variables
in the simulation while optimizing the objective function at each decision
stage. The solution of the optimization stage then determines the initial
conditions for the variables in the simulation during the next time period.
Analogously, values of the variables at the end of a simulation period
determine some of the constraints (particularly in the b vector) in the
cptimization problem for that decision stage. The simulation-optimization

combination can be represented as in equation (3.5.1) below:

SIM OPT

————

maximize C x

<
X = Dx + Ez Ax |~f b (3.5.1)
x 20

The variables are here represented by the vector x. The vector z is a
vector of the driving forces for the simulation model. The optimization
problem is written in the standard programming format. |In initial applications

we are using the optimization problem as a linear programming problem, but
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this can be altered by not requiring the C vector or the A matrix to be
constant coefficients, but by allowing them to become functions of the variables

X or z.

The advantage of this technique is that it makes provision for time
variation by allowing the simulation to control the dynamics of the system,
The main disadvantage is that it does not optimize over the whole time
period of the problem, but only at specific stages. Thus, a problem which
requires long-term considerations to be optimized often does not get optimized
by this technique, and the solution that comes out of the SIM-OPT technique is
sometimes very different from the solution that would come out of a dynamic
optimization .procedure where the long-term objectives were included as part
of the total 6bjective function. At present a great deal of thought is

going into how long-term dynamic considerations can be included in the static

objective functions presently being used in the SIM-OPT procedure.

3.6 Operational Gaming
Basically, operational gaming consists of playing with a simulation model

which has already been developed. This is accomplished by allowing certain
manipulation knobs to be inserted into the model which allow decisions made
?y the game players which are reflected in changes in the dynamic behavior

$r output of the model. These have been used in management in five general
areas: (i) to help develop a model by seeing how it responds to various
decisions and manipulations, (ii) to help find an actual decision solution

or optimal decision to be made with an existing model or about an existing

model, (iii) to help evaluate proposed solutions to problems that deal with

the situation modelled by the game, (iv) to try to convince managers that
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certain decision policies are desirable by allowing them to play the game,
and (v) to test the decision-making abilities of certain individuals by
evaluating their game performance.

Simulation gaming may also be put into a game theory context (in
principle the two are not the same thing; see Section 3.8) by having
an objective function which is then evaluated under various decisions by
the participants. Thus, the payoff would consist of the value of the
objective function which is incurred by the combined decisions of the
various participants in the game. The game would be looked at as an n-person
game having a payoff depending both on the simulation and the decisions of
the participants. If the simulation were deterministic, the payoff would be
deterministic; whereas if the simulation had random elements, the game would be
a stochastic game,

Although operational gaming has frequently proven useful in educational
situations, its worth in solving real-life problems has not been proven. It
offers, however, a good forum for the interaction between people from
various disciplines who have not had the experience in evaluating the impact
of decisions that they have made in their area of expertise on some of the

other areas,

3.7 Experimental Optimization

In some situations in which the relationship between certain independent
and dependent variables is not known and an optimal solution to the performance
of the system is desired, the optimal sclution may be found by the use of
experimental optimization, This technique consists of conducting experi-

ments on the system under study in such a way as to locate an optimal solution
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to the problem at hand. There are basically four approaches that have been
adopted to experimental optimization. These are the random approach, the
factorial approach, the single-step approach, and the steepest-descent
approach,

To illustrate the differences between these approaches in a heuristic
fashion, let us consider an experiment to find the combination of two
independent variables, X, and Xos which give the optimal output of the
system. In the random design approach, the ranges on the X4 and Xy scales
are selected within which the optimal values of X4 and X, are believed to lie,

Values of X and x, are then selected at random, and observations on the

2
system are made at each pair of values selected, The pair which yields the
best performénce is selected as the optimal solution, or else another set of
experiments in more detail is conducted within the area of the optimél
solution of the first experiment.

tn the factorial design, the scales on X and X, are chosen. Then, X, and

X, are each divided into subintervals, each subinterval assumed to be a unit
over which the output of the system does not change a great deal. Observa-
tions are made of each combination of subintervals on the X4 and the Xy scale.
This would be equivalent to looking at observations on the X scale at finite
intervals and observations along the Xy scale at finite intervals to produce
a grid.

The above approaches are known as simultaneous approaches since the
system is monitored at several combinations of variables before any optimiza-
tion decisions are made, |In the next two techniques, the single-step and
steepest~-descent techniques, the information about previous observations goes

into choosing where the next observation should be taken., As a result, these

techniques are known as sequential technigues.
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In the single-step method it is first decided which of the independent
variables would be expected to have the greater effect on system performance.
An estimate of the optimal solution is first made, and the first observation
is made at this point. One then moves out from this point along the scale
of the variable that is assumed more important for the output, holding the
other variable constant. The interval of the move is the smallest one within
which significant change in performance is believed possible. [If the observa-
tion shows improved performance, movement continues in the same direction
along that scale; otherwise, movement is started in the opposite direction.
When a reduction on the objective function is obtained, one goes back to the
point giving the value of the objective best and then begins to move along
the other variable direction. Then when no further improvement is gained
along this axis, movement again returns to the axis of the original variable,
It is quite apparent that with only two variables this technique is quite
feasible, while with many variables it becomes cumbersome and rather
complicated.

In the steepest-descent procedure, a similar approach is applied, but
instead of a single observation being made, five observations in the form of
a rectangle with the solution deemed optimal being in the center are made.

A least-squares technique is then used to try to get the direction which gives
the greatest improvement in the value of the objective function. Then, as in
the single-step method, movement continues along this direction until no
further improvement is obtained.

0f the four procedures, the steepest-descent procedure is considered the
most efficient, with the single-step, factorial, and random designs following.

However, it is important to realize that the single-step and steepest-descent
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techniques are less likely to arrive at the optimal solution if a local

optimum exists as well as a global optimum. This insecurity as far as obtaining
the best possible solution is balanced by the increased speed in getting to

some solution. Thus, when a good idea about the optimal solution is available,
the steepest-descent and single-step techniques are preferable, whereas when

the optimum might range over quite a broad range of the variables, the random
and factorial designs are superior,

These techniques are discussed in greater detail in Ackoff and Sasieni

(1967).

3.8 Theory of Games

3.8.1 'Basic ideas. The mathematical techniques which are utilized in the
-fheory of games were developed by John von Neumann in the 1920's and were
first expanded to include possible applications in von Neumann and Morgenstern
(1944) .

The theory of games deals with games in which any number of players have
some choice about the strategies which they may play, either In a single
move or in a series of moves, with the combined result of the strategies
of all the players resulting in a payoff for each of the players. Games
can be subcategorized in various ways. One categorization is the number
of players in the game. A two-person game has two players and an n-person
game n players. Another categorization relates to the number of strategies
available to each of the players. A game is called a finite game if there
are a finite number of strategies for each player, and it is an infinite
game if any one of the players has an infinite number of strategies. Games

may further be described as games of chance or non-chance. A game is called
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a zero-sum game if the sum of the payoffs for all of the players is equal to
zero and a nonzero-sum game if the sum of the payoffs is not equal to zero.
A game is called antagonistic if the players are 'out to get each other' and
cooperative if they cooperate with each other. In a deterministic game the
payoff resulting from any combination of moves by the players is deterministic.
Alternatively, if the payoff is unknown or has some random elements about it,
it 1s called a stochastic game. A game in which there are no simultaneous
moves and in which all previous moves have been known to all of the players
is termed a game of perfeet information. A game in which one of these two
qualifications is not satisfied is called a game with imperfect information.

Examples of games with no chance moves and perfect information are
chess and tic-tac-toe. A game with no chance moves but imperfect information
is paper-stone-scissors because the moves of all players are simultaneous.
A game involving chance moves and perfect information is backgammon, and a
game involving chance moves and imperfect information is poker,

It turns out that any finite, zero-sum game with complete information
can be normalized into a single payoff matrix involving many strategies,
but only one move. This is equivalent to taking a series of moves by
each of the players and combining them into one single strategy for the
game. A solution to a game of this sort is assured using either a linear
programming algorithm or an alternative game algorithm if the payoff matrix
is not too large to handle,

As an introduction to game theory and solution techniques, let us

consider the following simple problem,



Consider a two-person game:
Player A chooses variable s from -1 0 1
Player B chooses variable t from -1 0 1
B pays A s{t-s) + t{t+s)
What strategies should be played by both players? The payoff matrix for this

game is shown below.

B
-1 0 1
-1 2 - -2
A 0 1 0 1 (3.8.1)
1 -2 -1 2

The‘game is zero sum since A's winnings equal B's losings and vice versa.
Call A the maximizing player. He chooses s = 0 because he cannot lose

with this choice. His minimum gain is 0, Similarly B, the m{nimizing
player, chooses t = 0O because he prevents A from winning and he mfnimizes the
payoff to A, The game outcome, called the saddle point, is A=0, B=20,

payoff = 0. Both are happy with these moves.
min-max A's moves = max-min B's moves

The solution in this case is called the saddle point.
Not all games have saddle points. However, all finite games do have

optimal strategies for both players if mixed strategies are admitted.
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Consider the following payoff matrix (where B pays A):

B
1 2 3
1 T -1 3
A 2 3 5 =3 (3.8.2)
3 6 2 -2

Suppose A chooses 1, 2, and 3 with probabilities 2/3, 1/3, and 0; and
B chooses 1, 2, and 3 with probabilities 0, 1/2, 1/2.

The expected payoff is then:
(2/3 = 0 « 1) + (2/3 « 1/2 - -1) + (2/3 - 1/2 - 3)
+ (173 « 0+ 3) + (1/3 « 1/2 « 5} + (1/3 » 1/2 « =3)

+(0-0-6)+(0~-1/2+2)+(0=1/2 - -2) = 2

Any other strategy for A {given B plays his optimal strategy) will be less
advantageous for him (for example, if A plays strategy 3, then B can make an
expected payoff of 0 if he sticks to his 2-3 strategy). The same is true for B.

3.8.2 Linear programming solution, The payoff matrix {aij} is given
and is an N = M matrix., If A plays a mixed strategy {x1, Xos sees xN} (xi
is the probability of playing strategy i), he receives at least the minimum
{over all of B's strategies) of La;; X We will let this minimum be equal
to v. Therefore, I
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N
T a,. X, >V for all j (3.8.3)

and

N
I x. =1 xi >0 for all |

since the xi's are probabilities. We wish to maximize v, |If v is positive,

x-
divide by v {let X} = GlJ and our problem becomes:
N
minimize I x;

subject to

a.. X! 4+ ...+ ay; xp 21 for all j (3.8.4)

N

Then maximizing v is equivalent to minimizing I x;.
i=1
M

Similarly for Player B, we wish to maximize I Yj subject to aiy Y1 +
=1

J

a., Y2 +oees tag, Yy S 1 for all i. Here Yj is the probability of B playing

strategy J.

The problems are duals of each other and have the same solutions. The
X, Y.
XIIS = - are A's optimal probabilities, and Y}'s = ;L are B's optimal

probabilities,



~40-

3.9 Calculus of Variations

Problems of the calculus of variations are concerned with the deter-
mination of maximum or minimum values of objective functions which are
expressed as an integral of the objective function over time by seeking
the control (combination of variables) for which the objective function
assumes the extremum (maximum or minimum). The classical formulation of

this problem is

L
1 (y) =j Fix, v, 3)dx (3.9.1)
)

where one wishes to minimize or maximize | by varying (controlling) the
variable y of the time period L.

Examples of problems which can be posed in this framework include that
of finding the shortest distance between two.points and that of determining
the grassland ecosystem management policy which maximizes the net return from
a given resource,

One of the most important distinctions of the calculus of variations
approach from the others that are discussed is that the objective function
I represents the present worth net gain over the entire time interval from
now until L years into the future, The other techniques are almost all
oriented towards finding the management policy which provides the maximum
return at one time in the future. Excellent references on the calculus of

variations include Bliss (1946} and Courant and Hilbert {(1953).
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3.10 Statistical Optimization

By statistical optimization we mean the variety of techniques
used in sampling and estimation to give descriptive parameters of the
population samples which are optimal representatives of the population
with respect to criteria chosen by statisticians. Some of these
techniques commonly used are least-squares estimators, maximum-

likelihood estimators, Bayesian estimators, stratified sampling, etc.

3.11 Critical Path Analysis--CPM and PERT

Critical Path Analysis is a methodology used for planning, scheduling,
and controlling a project. The best known and most often used of these
techniques are CPM {Critical Path Method) and PERT (Program Review and
Evaluation Technique). Originally, CPM and PERT were developed separately
and for slightly different uses; today their differences are seen to be
rather nominal,

3.11,1 Underlying ideas. The basic idea of critical path analysis is
to regard the relations of all the jobs that must be accomplished in a
project ag a network. This network is made up of arrows that represent
individual jobs or activities. The arrows are arranged in the logical
sequence in which these jobs must be carried out.

When the logical network planning is complete, the next step is to
assign the time required to complete each individual activity. Critical
Path Analysis of this simple network then provides:

i. the longest sequence of activities from the beginning to the end
of the project (this is the critical path}, and

4. the amount of idle time associated with noncritical activities.
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In addition to the above items, PERT analysis provides probabilities of
completing either particular activities or completing the project.

Since the critical path is defined as that path through the network which
requires the longest duration of time to complete, the particular sequence of
jobs along this path control the duration of the entire project. Therefore, if
there is a delay in any one of the jobs along this path, there is a corresponding
delay in completing the project. Likewise, if the project is to be completed
in any less time, time can only be gained by shortening the duration of any of
the activities on the critical path, .

The fundamental basis of CPM and PERT is the network diagram. This
is a graphical model of the entire project and shows each step (job,
activity, or operation) and the relation between steps. The network is made
up of arrows and is called an arrow diagram,

The arrow diagram to which circles have been added has further
implications. In this diagram the arrows represent the activities,
operations, or jobs which require time for completion. Action is occurring
along an arrow. Also the circles or nodes have a physical significance.

They represent events or instants in time that mark the completion of a
certain activity and.simultaneousPy the initiation of another activity.
The events are markers and consume no time,

Attention to activities or events is simply a point of view. While a
foreman may be more interested in the activities, an administrator may prefer
to follow the progress of a project by when certain events or milestones are
reached. Traditionally, CPM is considered to be activity-oriented, while
PERT is regarded as being event-oriented,

Once the network is complete, the next step is assigning the durations

of the various activities,
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The critical path is that sequence of activities with the longest total
duration. |Its chain of activities determine the overall project time.
Activities on the critical path are critical, not by virtue of their
difficulty but simply because any delay in them will cause the same delay
in completing the project.

Isolating the critical path is accomplished by a forward/backward pass
solution. Below is an example of a CPM network diagram showing stages of

activity and activity completion times.

Activities are identified by the pair of numbers (ij), designating the tail
and head of the arrow representing the particular activity. The assigned
durations are marked on each arrow.

The method for performing the calculations directly on the network
diagram for solving CPM problems is discussed in Horowitz (1967} .

3,11.2 PERT. PERT is a variant of critical path methodology that is
useful for planning, scheduling, and analyzing projects that have never been
undertaken before and necessarily involve considerable uncertainty in assigning
the duration df activities. Recall that CPM involved assigning durations for

which the time required was already known.
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Three estimates of activity duration are required for PERT. These are
the optimistic, the most likely, and the pessimistic times,

To calculate the expected activity duration, the three time estimates
are assumed to be drawn from a beta distribution, This distribution was
used purely for its convenient properties. The appropriateness of the beta
distribution has been examined and is generally accepted. The beta distri-

bution is usﬁally skewed and appears as below:

Relative Frequency

e

Optimistic likely Pessimistic
time time i
Expected time
(t,)

Once the expected time has been calculated, isolation of the critical
path is arrived at just as it is in CPM, with the forward/backward pass
solution. In addition to the critical path and the float, probabilities
for completing an individual activity, according to a scheduled time and
probabilities of reaching a point in time (the event at the end of the

particular activity), can be calculated.
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The probability of reaching a particular point in tfme (an event or
milestone} is arrived at by summing up all the expected times for the
activities terminating at the particular point and their standard deviations.
The expected time for the event is taken as the sum of the expected times
for the preceding activities, and the standard deviation for the expected
time for the event is calculated by squaring and summing all the standard
deviations of the preceding activities and taking the square root of the
sum,

3.11.3 CPM and linear programming. Critical Path Analysis is based on
network flow theory which is a specialized application of graph theory. A
graph is a set of junction points called nodes with certain pairs of nodes
cqﬁnected‘byllines called branches.

A project can be represented by a time-oriented graph, letting the
nodes represent events in time and the branches represent activities requiring
time to complete. The interrelationship among events and activities comprise
the network in which time "flows."

Knowing the time required to complete each activity, the network can be
drawn showing the events (nodes), activities (arrows), and their durations
{number on arrows). Nodes are also numbered.

A linear programming solution of this ﬁetwork will provide the longest
sequence of events in the project (the critical path). Thus, linear program-

ming can be used to solve CPM and more geperally network flow problems.

+ 30:~<16 + 15x2 + 10X

maximize f(y) = 16><]2 + 20X P 35

13

+ 3qu + 16x46 + 12x56
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The linear programming solution is not as satisfactory as the forward/
backward pass solution because it does not provide information on the
free time associated with the noncritical activities. Hadley (1962) and Mader
and Phillips (1970) provide further reading on network flow and linear

programming solutions.

3.12 Queuejng and Inventory Theory

Queueing and inventory theory are usually applied to problems ¢f how to
optimally plan a facility to handle demands for a service which can be recog-
nized as occurring at discrete time intervals, but which does not occur at
deterministic times. In other words, the démands occur wifh a certain
frequency, but do not occur at known time intervals. Such demands are termed
stochastic or random. It is desired, then, to know how the service facilities
should be planned in order to handle the demands as expediently as possible.
Examples of systems which involve queues are check-out counters in a super-
market, runways in an aifport, parking spaces in a parking lot, cashiers in
a department store, maintenance crews in a factory, doctors in a clini;, beds
in a hospital, arrivals of a train, etc.

The general inventory problem is to decide how much inventory should
be kept on stock and how often new inventory should be ordered to handle
a stochastic demand. The general consideration in both kinds of problems
is the balancing of the cost of having a better facility, that is, having
more servers, or having a larger inventory on stock against the cost of
customer inconvenience, that is, customers waiting a long time, customers
being turned away because the facilities are all full, customers coming

into a store and finding they cannot get what they want, etc.
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Queueing theory concerns itself with the numbers of servers to be put
on the service and the way in which the arrivals are to be serviced (that is,
should they be served as ''first come, first served'; should some priority
be put on when they should be served; should the arrivals all wait in the
same line and then the first one goes to any one of the servers that is
available;, or should they each wait in separate lines, each line going to
one server, etc.). It turns out that in many situations the arrivals may be
looked at as coming at random; that is, one can assume it is equally likely
for the arrivals to occur at any point in time. Under this assumption, which
has been tested and found acceptable in many real life systems, the arrival
process may be statistically represented by a Poisson process. For the
Poisson arrival process, the probability of having n arrivals in any finite

time interval of length t is given by

- n
-e--—fm(-)ff-)-— (3.12.1)

where A is the arrival rate (arrivals/unit time).

Similarly, the assumption is freguently made about the servers that
the probability of a service being completed at any time interval is indepen-
dent of how long the service has been going on. This assumption is known as
the negative exponential assumption. Under the negative exponential assumption,
the probability that a service is completed in less than some time period
t is equal to 1 - e-ut. Here, u is the service rate of the server (number of
services completed/unit time).

If there is only one server and a single stream of arrivals and if the
service rate is faster than the arrival rate, the line length can theoretically

be kept finite; whereas if the arrival rate Js faster than the service rate,
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then theoretically the line grows to infinite size. For the case where
the arrival process is assumed to be Poisson and the service process is
assumed to be a negative exponential, the expected waiting time for each
arrival, the average length of the line, and the percentage of time that
the server will be idle have been theoretically worked dut.

In the case where either one of these assumptions does not hold, as for
example if the arrivals were scheduled in some fashion (which would eliminate
the randomness of the arrival stream), information about waiting times,
average length of line, and idle periodg is more difficult to derive
theoretically. However, in such cases, it is possible to simulate
(Monte Carlo simulation) the arrivals and service under certain assumptions
about phé probabjl}ty distribution of arrivals and servers. Several runs
of the simulation will then give estimates for the average waiting times,
as well as the percentage of the time the server is idle, etc. However,
simulation has been overused in many cases where theoretical solutions
could have been obtained with less difficulty.

Since most inventory problems involve the arrivals of demands to a
fixed stock, the inventory problem may be looked at as a special case of
the queueing problem in which the service time is either zero or infinity.
It would be zero if the stock were available and infinity if the stock were
not available. Then there is interest in the distribution of the
probability that the stock will not be available.

Queueing theory and many of its applications are discussed in Haight

(1967}, Cox and Smith (1961), and Ackoff and Sasieni (1967).
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3.13 Quasilinearization

Quasilinearization is a technique of numerical analysis for converting
the solution of a nonlinear problem into the limit of a sequence of solutions
of a sequence of linear problems. It can be viewed as an extension of the
Newton-Raphson technique for finding roots of equations to function spaces;
or alternatively, it can be derived from a maximum (minimum) principle for
convex {concave) functions,

References of interest are Bellman and Kalaba (1965) and Lee (1968).

3.13.1 Newton-Raphsom technique. Find r such that f(r) = 0, given fx).
To solve this we replace f(x) by f(xo) + f'(xO)(x - xo) which is linear
(where f'(xo) is the slope of f(x) at x = x.). This is the two term Taylor

0

series approximation to f. Choose X9 and find x such that

1 - =
F(xo) + f (xo)(x xo) 0 (3.13.1)
Call this x = X and then solve
Flx,) + £10x)(x - xy) =0 (3.13.2)
for x = Xy and keep this up eventually giving,
f(xn) My - x) =0 (3.13.3)
or
f(xn)
Xnt1 = Xn T f'lxni

Under appropriate restrictions on f this technique converges to r and

does so quadratically,
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Pictoriatly

f(xo) y = f(x)

y = f(xo) + f'(xo)(x - xo)

Fig. 3.13.1. Linearization by Newton-Raphson technique.

The key is to replace f by a linear approximation. The technigue can be
extended to a system of n first-order differential equations.

Quasilinearization is useful because problems of parameter estimation
and certain classes of optimization problems can be viewed in the context
of multipoint boundary value problems.

3.13.2 Example. As an illustration consider the following parameter

estimation problem (scalar problem):

Example : y(xo) =m, (Initial conditions)
y(xy) = m
Measured conditions
y{x,) = m,
and



-51-

What estimated values of a and b should we pick?

We consider the problem

y' = ayeby
a' =0
bt =0
subject to
ylx)) = m,
y(x,) = m
y(x,) = m,

The first differential equation is nonlinear, and we will replace it by the

quasilinearization formula

b
yp=v  f,=aye”
Yo = a fz =0
Y3 = b f3 =0
r 3
aeby + abyeby yeby ayzeby

where J is the
J = 0 0 #] Jacobian or matrix
of partial derivatives
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so that
. nn nn nn
n+l! nyneb Yoo, (ane Yy 4 anbnyneb y )(yn+1 _ n)
n nn
+
+ yneb Yy ( n+1 an) + an(yn)Zeb Y (bn 1 bn)

I

an+l =0
I

bn+1 =0,

which can be solved. If more intermediate measures are available, y(xi) =<,
and 1 =1, ..., k. Then least squares could be employed or some other suitable
measure of fit., The above example is discussed by Leary (1970). Problems of
convergence are rather difficult because the operators are quite complicated.
As Lee (1968) points out, in actual practical problems the computations are
simply carried out and convergence is based on the numerical behavior.

Problems of storage in large systems can apparently be avoided to some
degree and this is discussed by Bellman and Kalaba (1965). This point,
however, has been contested.

In certain cases, quasilinearization yields a convergent sequence
provided the interval in question is sufficiently short. Quasi]inearizétion
may be combined with dynamic programming or calculus of variations with
quasilinearization giving the optimal path for a subinterval and dynamic

programming or calculus of variation yielding the overall optimal path.

3.14 Benefit-Cost Analysis
The classic definition of economics is ''the problem of allocating scarce

resources among competing ends.'' For analyzing the optimal allocation of
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resources this rather simplified definition of economics has special meaning.
The focus of this review of benefit-cost analysis will be to show how this
technique can be applied to determine an optimal utilization of resources.
3.14.1 Effieient resource allocation. Economists contend that an
'optimal'' resource allocation exists when a resource is allocated so that
the value of its marginal product {contribution) in one use is equal to
the value of its marginal product in any other use. Value of marginal
product (VMP) can be defined as the marginal product of a resource (its

contribution to output) times the price of the produce being produced or:

VMPa = MPa « PX (3.14.1)
where VMPa = value of marginal product of factor a in the production of
product X.
MPa = marginal product of a.
PX = price of product that factor a (resource a) is being utilized

to produce.

It follows that if the value of the output resulting from the last
unit of a resource applied to use '""X'" is greater than the value of the
output resulting from the last unit of that resource applied to use ''Y'
economic efficiency of resource allocation would be improved upon by
switching some of the resource from use 'Y to use "X.'" |In terms of a
grassland area use W' might be agricultural use and use "X' might be
urban use. To optimize resource allocation, water should be allocated so
that value of the marginal product of water in agricultural use is equal
to the value of water's marginal product in urban use.

Benefit-cost analysis is a method for evaluating resource allocation

changes in terms of economic efficiency. Conceptually, benefit-cost analysis



-5h4-

requires data similar to VMP's to evaluate resource reallocation policies in
terms of economic efficiency. Operationally, benefit-cost analysis is much
more general than comparisons of VMP's, but is very similar theoretically.

Various optimizing and impact analysis techniques such as linear
programming, simulating studies, and input-output models can provide data to
utilize in the benefit-cost analytical framework. In the description which
follows, emphasis will be on describing the framework rather than specifically
showing how other optimizing techniques may be applied in conjunction with
benefit-cost analysis (Dobbs, Paananen, and Rechard 1971).

3.14.2 Benefit-cost analyses and efficiency eriterion. Benefit-cost
formulations vary for measuring efficiency of resource allocation according
to the purpose of the study. The two most common formulations are
(i) discounted present value and (ii) benefit-cost ratio. Several
economists hold that the discounted present value is the criterion of economic
efficiency (Dobbs et al, 1971). Baumol (1965) contends that projects
having the largest discounted present value make the largest contri-
bution to income. He argues that, setting aside considerations of risk and
uncertainty, an investor would choose the project which produced the greatest
net benefits. For grassland area planning the planning authority also would
maximize income of the area by implementing the project with largest net
benefits.

3.14,3 The formulations. The two approaches to benefit-cost analysis

can be represented symbolically as follows:

Bt
0o (1+p)°¢

I~ 3

(3.14,2)

— ratio
Ct
o (1+p)°

t
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Discounted present value:

PV = g Be - Ct (3.14.3)
t=0 (1+R)"
where Bt = benefit in time period t,.
Ct = cost at time period t. (Note: Co is the initial cost outlay
of costs at start of project.)
t = number of years after Initial cost or benefit,
R = discount rate.

Utilizing the discounted present value criterion, if the PV of the
project has a positive value, the project would be considered a 'good'
project. 1In choosing between mutually exclusive projects, the project
with the higher PV should be chosen.

With the application of the benefit-cost ratio criterion, a ratio
with a value greater than one would be considered a ''good" project. A
choice between mutually exclusive projects would require an evaluation
of relative B/C ratios, assuming both ratio values are in excess of a
value of one.

3.14.4 Benefit-cost analyses efficiency criterion. Benefits and costs of
resource projects and policies occur over time and consequently must be
evaluated on a comparable time basis (see Dobbs et al. 1971) for further
discussion regarding benefit-cost efficiency criterion. This section
draws on their review of benefit-cost analysis. As a consequence, costs
and benefits are discounted to their present value in any formulation of
benefit-cost analysis. Considerable contrbversy exists regarding which
interest rate (discount rate) should be utilized in the analysis of alter-

native policies.
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The discount rate controversy revolves around a question of economic
efficiency. Present federal policy requires that a discount rate based upon
long-term borrowing rates be utilized in the evaluation of federal projects
(specifically, the rate is defined as the average yield during the preceding
fiscal year on interest bearing marketable securities with 15 years to
maturity). This rate has been criticized because discount rates are normally
lower than private sector borrowing rates. Federal borrowing rates are lower
because federal securities involve less risk and uncertainty. Critics argue
that the use of lower government bond rates can lead to an inefficient alloca-
tion of resources. The use of subsidized capital leads to a misallocation
of resources from higher value private use to lower value public use due to
the lower interest on government bonds, Critics argue that the “"appropriate'
interest rate should reflect the opportunity cost of capital (potential
higher returns in the private sector).

Advocates of the lower government bond rate build their case on "social
time preference' which means that society is willing to forego present
consumption in favor of future consumption to a greater degree than is
indicated by the market rates of interest.

The appropriate rate of interest is an unsettled question. Its relevance
is that justification of public projects is sensitive to the interest rate
chosen. However, if two projects are being compared utilizing the same discount
rate and if it has previously been decided that a certain number of dollars
are going to be spent in the project area (suboptimization), the appropriate

discount rate has less significance.
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4L, APPLICATION OF OPTIMIZATION TECHNIQUES TO ECOSYSTEM MANAGEMENT

L1 Introduction

The optimization and operations research techniques described in the
previous sections have been, as mentioned earlier, applied to some natural
resource management situations. They also have potential applications in the
planning of a large-scale program of the magnitude of the U.S. |BP Grassland
Biome Program.

In resource management, various optimization or operations research
techniques have been applied to the areas of forest management, big game
management, regional produce distribution, agricultural planning, ecosystem
function, rangeland sites, animal nutrition, pest control, reservoir
system planning, stratified sampling, government planning, and multiple

use of natural resources.

4.2 Resource Applications

Table 4.2.1 shows which types of programming techniques, to the
knowledge of the authors, have been applied in which resource management
areas. A check in a box denotes that there have been applications of the
programming techniques in this specific area while a blank denotes that
there are none known to the authors. An R in the box denotes that by and
large the applications in the literature in that area are real--that is,
the models are based on real data and have been or expect to be applied
to particular resource problems. An H in the box denotes that the applications
are by and large hypothetical and present a framework for an applied solution
to problems while not yet grappling with the actual applications to specific

systems.
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Table 4.2.1. General application of programming technigues to resource

management.,

Linear Quadratic Stochastic Nonlinear Dynamic

Program Program Program Program Program
Forest management vR,H /H
Farm planning YR /R
Game & fish management VR /H /H
Pest control vH
Animal nutrition VR VR VR vH
Ecology (classical) vH
Social system planning vH

Real applications.
Hypothetical applications.
Applications of programming techniques.

=. I =
nmua
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It can be seen from Table 4.2.1 that the most widely applied technique is
linear programming. |t has been extensively applied in each of the rescurce
management areas considered except for pest control, where consideration of
pest population dynamics over time is essential to pest management, Further-
more, in four of the six areas having linear programming applications, the
applications are to real-life problems,

The application area utilizing the widest variety of programming
techniques was in animal nutrition, a category which concerned various
feeder lot and laboratory animal studies. A wide variety of techniques
has also been applied in game and fish management, although many of these
have been hypothetical in nature, This is probably due to the difficulty
of obtaining data on game and fish populations dynamics, which is essential
to the use of quantitative techniques in management of these game populations.
All the applications in farm planning have been real and in fact have been
applied to specific farm situations.

It is not possible from this table to ascertain which areas have the
most important applications and the broadest number of app]icatioﬁs of
programming techniques. The largest number of application papers in the
literature found by the authors was in the area of forest management--
most of these were linear programming applications, including several
that were general computer programs which could be applied to a large
number of forest management situations. Only a small number of the papers
in farm planning were reviewed by the authors, and 1t is expected that a
large number of applications, mostly in the areas of linear programming
and quadratic programming, have also been implemented in farm situations.

In the other areas the number of applications was very scanty and except
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for perhaps the area of animal nutrition the problems are so complex and
the attempts at application so new that very few applied problems have been
tackled.

Table 4.2.2 reviews in brief some of the applications of optimization
techniques to resource management situations. The applications are
arranged according to the same categories as in Table 4.2.1. The table
gives in brief the objective function as well as the number of variables
involved in the problem to give some indication of the size of the problem,
The comments indicate general information about the application such as
whether real data is used to set up the.prob]em or the example, whether
the problem was applied, or other information to give a better understanding
of the pérticu}arlgpp]ication.

A; mentioned earlier, the largest number of applications reported in
this review were in the area of forest management. The sizes of the
problems were quite variable, ranging from four variable problems in the
ecologically-based Wilson and Barea papers to the 28,000 or so variable
problems of Liittchwager and Tcheng. Most of the direct resource
applications dealt with the maximization of profit or the minimization
of cost in development of and/or allocation of the resource. The emphasis
of profit and cost in the objective function has been the traditional pattern
in operations research techniques. However, it is interesting to note that
there are a large number of applications which do not deal with money
specifically. This is evidenced in forest management, in the papers of
Loucks and Liittchwager and Tcheng, in animal nutrition in the paper of
Bracken, in all of the papers in game and fish management except the

Rothschild and Balsiger fish management paper which does have monetary
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Table 4.2.2. Some applications of optimization techniques to resource minagement situatlions,

Number of

Type of
Areas Author {3) Program Objective Varlables Comeents
Forest Hool 1966 Dynamic Hanimize profit or forest yield In the face of risk in future 288 A general Framework (esampies
sanagement growth glven)
Liittschwager Linear Haximize yield over 2% yaars by yearty cuttings in over 1000 ~18,000 The problem was real, but the
end Teheng {decomp= wood lots solution was not applied to
1967 osition) the problem
Loucks 1964 Linear Hinimize coz ares while assuring 3 guaranteed yield L}] A hypothetical sxample
Haven 1971 Linear Optimize expected future yield In converting from irregular - Provides a program cailed
. to regular aged stand Timber RAM for use in
forestry management problems
Mautiyal and Linear Haximize present worth of a forest while converting from an - Provides a general Framework
:;:;“ Irraguiar to regular aged stand in a given number of years {no example provided)
Schrauder Dynamic Maximize discounted net revenue in developing 4 large virgin 75 A hypothetical example using
1968 stand over ?5 years (includes road building, tree gpreparation, real dats for constraints
eytting cost, etc.}
Wardle 1365 Linear Kaximize net discounted revenue by optimizing felling and 1”7 A real applied example, .
planting program in area having both hardwoods and conifars Tmplemtnied, no validation
or follow-up in this paper
Farm Barker 1964 Linear Maximize farm profit by proper allocation and expansion of 7 Applled to two farm situations
management reiources .
Neady and Linear Allocate crops to reglons in the U.S. to minimize production 2682 The problem was formulsted
Whittlestey and transpartatfon costs with real dats, its large
1965 slze precluded application
Raryama and Quadratic  Declde on where to produce mifk and how to transport |t between 18 Real datd used {not applied)
Fuller 1965 comgeting markets to maximize net revenue
Rlckards and Linear Maximize revenue by allocating cattle, sheep, and crops among &5 Frogram was implemented
HeCarthy, selected scil types on large farms
1966
Animal’ fracken 1963 Quadratic Hlnimize radionuciide intshe of cattle while satisfying thelr 9 A raal problem implemented in
nutricion diet nesds the laboratory
van de Panne Stochastic Minimize cost of feed whila satisFying animal nutrient L] A real problem implemented in
and Popp requirements & feeder lot
1563
Game and Cavis 1967 Dynamic Maximize the 'value'" of killed deer, surplus deer, and game 10 Aisumes complete control over
fish manage- claarings over a 20-year period dear k1] (a hypothetical
ment anampla)
Mann 1968, Gynamic Hinimize eapected discounted population loss over a given time 20 for 10 Assumss complete conirol over
1971 perlod by proper harvesting of males and females decigion gama populations
atages {rypothetical)
RAothchild Linesr Allacate salmon catch among days of run to manimize value of 18 fAeal data (not implemented})
and Balsiger landings while allowing adequate escapement
5
Swartzman Nonlinesr Maximlze harvest over 4 state without decimating herds 20,000  Does not assune control of
970, 1972 herd populations. but gives
them as 2 function of agency
controls {not applied, data
oL resl)
Estuary Patten and Wonl inear Find combination of source sample and incubation conditions to L1 Real data (not applied)
productivity \lr;zanvne optimally estimata plankton productivity
Social Wilson 1968 Linear Show that allocation of individuals among castes optimizes future & Rea) data
insects survival of queens
Ecolagy Bares 1363 Linear Show that potential energy {s manimized in climax situation L} Kypothetical sxample
Pest control  Mann 1568, Dynamic Minimize loss of cropland to pests over given time period by 10 for &  Hypothetical example, assume
1371 eliminating pests to a Certain levei at each decision stage 10 stage complete control over gest
- pariod elimination
Social Charnes Linear Maiimize government revenue minus costy while maintaining 517 Hypothetical emample given,
planning Kirby, and education and heatth facilizies general simplificd framework
Malters 1570 for social planning
Dam Avi-lizhak Queveing Determine optimal size of reservair and aptimal pumping capacity - Real exampic, applied 3nc
planning and Ben- theory to minimize pumping cost per cubic meter of mater pumped img 1 men ted

Tuvia 1962
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considerations in the objective function, in all the ecological applications
including Patten and Van Dyne, Wilson, and Barea, and in the pest control
paper by Mann. The large-scale social planning paper by Charnes, Kirby,
and Walters will be discussed in greater detail shortly. It is interesting
to note initially, while we are on the topic of considerations in the
objective function, that this paper, while having the maximization of
government revenue minus costs as its objective function also has the
value of edﬂcatioé and health facilities included in the objective function.
it is interesting to notice from Table 4.2.2 that most of the
applications, while depending in some way on real data, have not been
applied to specific situations.

Agsuming‘tha£‘the applications reviewed in Table 4.2.2 offer a
representative sample of the use of programming techniques in resource
management, it can be noted that by-and-large the large number of
appiications occur in the linear programming area. The second most
utilized téchnique is dynamic programming with nonlinear programming
(inciuding quadratic programming) a close third. The other techniques,
stochastic programming and queueing theory, show only one application in
this review. This tends to indicate that there has been very little
application in resource management of techniques outside of linear,
nonlinear, and dynamic programming. In the next section {Section 5),
we will discuss some of the areas where we feel the other techniques can

be applied to resource management problems.

4.3 Large-Scale System Planning
Charnes, Kirby, and Walters (1970) deal with a large-scale horizon

plan for social development as a linear programming model. They look for
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the solution that will optimize the '"'living conditions'" in a country or a
large regional area with minimal costs. The probiem deals with three ethnic
groups {(a native group, a mixed group, and a foreign group) living in three
major areas (urban, agricultural, and undeveloped). The model tries to select
how much of various resources, including electric power, educational
facilities, construction facilities, capital investment, and health and
sanitation facilities, should be utilized and which industries §f 21
industries ranging from tourism to education should be encouraged in order

to optimize living standards.

some of the goals are introduced as part of the objective function
(e.g., the total net economic value, which is revenue costs). Others are
ihfroducedrin the form of constraints (for example, the percent of unemployment
in the population must remain below a specified level; the percent of the
population attaining the various education levels must be at least at a
specified level; the health and sanitation facilities available in the
country must increase at least at a specified rate and at the end of the
planning horizon the sanitation facilities must be at least of a certain
quality, etc.).

The problem is applied to a simple situation in a hypothetical country
named Zandel with some interesting implications arising in the final solution.
For example, one of the conclusions was that political and sociolog{cal
constraints must be introduced into the model. |f the goals are solely
economic, the solutions that result would be totally unacceptable on the
basis of social or political realities. The Charnes problem, while not a
specific example of the application of linear programming to ecosystem manage-

ment, gives an idea of the kinds of considerations that have to be made when
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sociological, political, and economic factors have to be combined with
ecological factors in large-scale planning types of problems.

An application of the simulaticn-optimization approach which is
currently being developed by the modelling group at the U.S. IBP Grassland
Biome is to an Australian land.use planning problem, The simulation is
controlled by precipitation and temperature and gives the dynamics of herbs
and shrubs and the energy dynamics of the herbivores dependent upon this
vegetation., At six-month intervals an optimization procedure determines
how many cattle, sheep, and kangaroos should be harvested from each of the
private ranch holdings and how many should be transferred to a common land
area which is controlled by the government. The optimization procedure
also tries to plan for the pessimistic case of drought situations by
limiting the number of animals to be held on any specific site. The major
problem with this approach is how to get the incentive for keeping animals
‘n an area when there is no direct financial benefit at any one specific
time period for keeping the cattle in terms of financial gain. The trick is
that cattle that are kept have future worth both in terms of selling price
and in terms of reproductive value. The concept that is presently being
used to take this information into consideration is analogous to the concept
of the present worth or discounted worth of money which would not be invested

at the present.
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5. FURTHER POSSI1BLE APPLICATIONS OF OPTIMIZATION TECHNIQUES

As is apparent from the previous section, the majority of applications
of optimization techniques in resource management have used linear, nonlinear,
and dynamic programming. There is a sparsity of applications of the other
techniques to resource problems. It seems from the previous discussion that
the applications of the programming techniques to more complex problems will
follow basically along the same lines that the applications to date have.

As the availability of information about large-scale systems and our ability
to siﬁulate these systems increases, these techniques should become more
and more helpful in making management decisions about the system,

With this in light, this discussion will focus on some of the possible
applicationé of techniques other than programming techniques. We will talk
about the possible applications of queueing theory, the simulation-optimization
approach, game theory, and experimental optimization.

The simulation-optimization approach, as mentioned earlier, is being
experimented with by the U.S. IBP Grassland Biome modelling group in an
Australian grasslands problem. Assuming this technique will be shown to be
effective in relating to that problem, the technique might well be applied
to many other management problems--in specific, to larger-scale regional
management problems. The approach might be combined with a grid display
device which would be able to graphically display the output of a simulation-
optimization run in such a way that the managers would be able to viéualize
the effects of the decisions on the simulation. Such an interactive display
and simulation-optimization technique might be applied to such a model as a
U.S. Grassland Biome model in which the grasslands are divided up into a grid
network, each area within the grid having simitar characteristics with

respect to the abiotic and biotic components of the environment. Thus, a



-66-

particular grid area might be defined by isopleths of precipitation, isotherms
of temperature, and perhaps the dominant plant species in the region. The
simulation would simulate population changes of major species within each
of the grid subregions as well as transfer of animais, plants, goods, and
services between the regions. The optimization wouid then allocate and
manage resources in the region at given intervals., It should be emphasized
that an entire grasslands region model could not be solely an ecological
model, but would have to have human ecological considerations. Thus, not
only migrating animals would cross between the grids, but the human goods
and services alluded to earlier would also.

We see queueing theory as having many possible applications in the
areas of resource management. It could be especially applied in the area
of fish management, forest management, and agricultural situations. In
fish and fisheries management the fish could be looked at as arriving at
random at various points along the river system. We could then look at the
service processes of fish harvest (fishing) or the safe passage of fish
over large falls areas {fish sluicing). In fishing the problem could be
looked at as a series of servers at various points along the river, all of
whom take the fish out of circulation., In essence, we want to know what is
the optimal set of servers, such that the fishing catch is maximized while
assuming that the fish supply in the coming years is replenished and the
cannery limits are not exceeded.

In the fish sluicing problem we could look at the fish as forming a line
(a queue) at any of the dams or falls where they cannot get up and have to use
the sluice. The waiting period is then the amount of time that it takes the

fish to find out about the sluice. Obviously, if there is only one small
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sluice, the waiting period is going to be very long and the chance of losing
the fish by having them kill themselves on the falls is very large. This
problem presents an interesting case to queueing theory because it is quite
apparently not a ""first-come, first-serve'' queueing system.

In forest management we could look at fire fighting as being a queueing
system, The fires could be looked at as random arrivals for servicing, the
servicing being the putting out of the fires. The queueing problem is then
how many forest fire fighters (servers) should be kept on hand to potentially
fight the fires in order to have all the fires potentially put out or all
the fires of a certain size potentially put out, while not having people
sitting around doing nothing for long periods of time.

In agricultural, crop planting planning, you could look at the growth
of plants as being serviced by thunderstorms in the Great Plains region,
Since the thunderstorms do not arrive at regular intervals, there is good
reason to believe that they could probably be represented by a random process
with a mean arrival rate changing from month to month through the summer
period. The question then becomes: Knowing the growth response of the
agricultural crops to various amounts of watering, what kinds of crops should
be planted in various regions that have different rainfall patterns, and at
what times do we plant them so as to get the maximum expected amount of yield
from this arrival process of rainfalls? Some noteworthy events that might
occur in this process, which are analogous to events which occur in a queueing
system, are that a thunderstorm may arrive without a crop in the ground to
Mservice,'" or that the crop may be planted {the server may be put on the
job) but no thunderstorm may arrive for a long time to be able to be

serviced (converted into more of the crop) by the crop.



-68-

Game theory might be applied in many situations which can be looked at
as man against nature. For example, the installation of dams may be looked
at as a game against nature, The manager has the alternative of putting
various size dams or various numbers of dams, perhaps, on a river system,
Nature has the strategies of producing various amounts of snow melt and
rainfall during the winter and wetter months of the spring to produce various
amounts of potential flooding. The payoffs then refer to the combinations
of the strategies of the manager and nature (even though nature's strategy
is a random type of strategy).

In many resource situations the key conflicts are becoming recreation vs.
reclamation, development vs. wilderness, and Sierra Club vs. industry.

These kinds of conflicts can be looked at as games in which both of the
antagonists, for example the developer and the conservationists, have a
number of strategies. The developer and the conservationists have different
strategies which can then be related.to each other in terms of a payoff

or a probability distribution of various payoffs, dependent upon the
strategies of the antagonistic groups.

As an application of stochastic programming we might look at an irriga=~
tion scheme where the question is whether or not to irrigate a particular
land plot. The effects of the irrigation are subject to the basic uncertainty
of whether or not it would have rained anyway on that plot. There is a cost
associated with the irrigation which must then be batanced in the stochastic
optimization against the uncertain cost, or the uncertain payoff, resulting
from the irrigation and/or rainfall that might occur on that particular day.
This problem could be extended over a long time period to a stochastic

dynamic programming problem,
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Another possible application of stochastic programming would be to
determine the proper stocking rate for rangelands with probabilistic
components. This problem has been approached intuitively for a long time,
but has only been solved by general rules of thumb. Basically, the problem
is what is the optimal stocking level giving probabilistic future forage
production? Overestimating the carrying capacity of the range will
result in penalties due to such things as the necessity of buying
supplemental feed or selling livestock at a loss. Underestimating the
future forage production will result in penalties due to unutilized resources
that could have been profitably employed. Stochastic programming gives us a
good way of evaluating this problem as well as a more general view of
evaluating what discount rates should be applied with different degrees of
uncertainty in such an optimization system. |If a direct analytical solution
to the technique to the problem would not be found, an experimental technique
such as the Monte Carlo approach (see page 22) would offer another possible
way of solving the problem, which although a brute-force technique would
give some insight into solving the problem.

As an example of an experimental optimization approach, we might perform
experiments to try to find the optimal combination of grazing treatments (tight,
moderate, or heavy grazing), nutrient treatments, and irrigation treatments
on land plots to maximize beef yields. The statistical setup for an operation
like this would try to standardize the site factors (elevation, slope, soil
type, etc.) in order to be able to separate them from the effects of the
treatments that we are interested in--that is, grazing, nutrient, and irrigation
treatments. An approach of this sort might well be applied on the U.S. IBP

Grassland Research Site at Nunn, Colorado {commonly called the Pawnee Site).
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A possible use of calculus of variations is in a grassland management

problem. Let us consider the objective function Q where

dt (5.1)

0 (1+R)

in which the Yi's and Ci's are yields associated with harvests and costs
associated with management policies, respectively., The Hi's are harvests,
the Ui‘s are management units, and R is a discount rate. L is the period

of time over which the management effort is to provide maximum return. Q
then represents the net return (stated as the present value of future assets)
as a Eegult of fhé management program identified by the various variables in
the exﬁression. The range manager has at his disposal the option of varying
the harvests and the management units in an attempt to increase Q to its
maximum value. The Q may be interpreted as the net cash yield of the
harvesting policy over L years. As stated, therefore, this problem is
precisely one of calculus of variations. It is also essentially impossible
to solve the problem in this general form., One can, however, gain very
useful insight into the directions for management to improve, i.e., increase
Q by making a number of assumptions regarding the H's and U's and continuing
the analysis.

One nice assumption (mathematically) regarding these variables H and
U which might simplify the solution is that they are piece-wise linear, that

is, that one can change harvest rates and management units only at spacific

periods of time and that from one period of time to another these are either
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constant or they change linearly. In this formulation the calculus of
variations problems smacks of the quasilinearization study discussed in
Section 3.14. One is tempted to apply some dynamic programming technique
to this problem in an attempt to solve it when it is posed in this piece-

wise linear form.



-72-

6. A SPECIFIC PROBLEM DEVELOPED USING OPERATIONS RESEARCH TECHNIQUES
As an example of a general problem which utilizes both an operations
research approach for solution and an interdisciplinary approach for the
structuring of the problem, let us consider the following hypothetical

situation:

/

O |
Riverton (pop. 10,000) Kumtam
(pop. 750)
. 15 mi.
River
Running
(:) Plane (pop. 3,000)
v
< 30 mi, —>

The River Running flows through the corner of a region in Upper~Agraria
County (the real names have been changed to protect the area). Three towns
are in the region--Riverton is a major distribution center and lies in the
rich agricultural belt irrigated from River Running. Average annual rainfall
is 12 to 14 inches, and when not irrigated it supports shortgrass prairie and
has been traditionally a ranching area (largely heavily grazed). Riverton's
business leaders have been promoting industry in the region and have held out

promises of development of a subterranean aquifer to supply water needs for
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industry and irrigation. They have met with resistance from local ranchers
who, although they are making a marginal living, swear by their life style.
It is expected that if the new irrigation project is initiated the tillable
land range could be extended as far as Plane. Friction between business
leaders, farmers and ranchers, as well as a concern over how growth in the
area should be planned has resulted in the formation of a regional planning
commission composed largely of business leaders, a few ranchers, and several
professors from Riverton Community College.

As an initial structuring of the above problem, the commission desires
a decision-making process which will tell how to allocate the land available
inlthis area to combinations of various land use categories. For purposes
of‘simplifiéation, the following three land use categories were chosen:

(i} urban, (ii) irrigated forage and food crop, and (iii) range.

Of course, there are technological limitations on how much of the total
land area may be put into any one of these categories. For example, the problem
statement specifies that the irrigated area could extend only as far as Plane,
which implies that approximately L40% of the area at the maximum could be put
into irrigation,

We might look at the planning commission as trying to give that land
allocation decision which would best improve the quality of life of the
individuals living in this area. With this in mind, the allocation system
would best try to satisfy the community needs of as many groups living in
this area as possible and to balance off conflicting interests between the
ranchers, farmers, and businessmen in the region. To decide what the quality
of 1ife means to the community, one approach is to try to get variables 6r

indicators which relate to the quality of life. These might be conceptualized
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as ecological variables, economic variables, political variables, and socio-
cultural variables., The optimization strategy would require the effects

on the variables in each of these sectors of putting various amounts of
acreage into the various land uses. For example, the effect of increasing
urban acreage on such indicators of quality of life as population density
or pollution must be estimated. The land allocation system would have to
balance off such effects as the increase in population density resulting
from increase in urban acreage (which might be seen as desirable up to a
point for quality of life), against the increasing pollution resulting from
the samé urban acreage increase. Furthermore, acreage increases in one
land use must be reflected by acreage reduction in other land uses with
their céncomitantleffects on quality of life indicators.

S;ch a decision fits in fairly naturally to optimization (operations
research) techniques. As stated earlier, these are quantitative techniques
for getting the best for the least, subject to systems constraints. The
"hest! could be looked at as the maximum quality of life for the community
over all the land use areas. The systems constraints would be constraints
of the type that the population density has to be less than or equal to a
certain maximum allowable population density or that the per capita income
has to be greater than or equal to a certain acceptable minimum., The quality
of life indicators then have to be translated into an objective function,
In this case it is to maximize the total value of the quality of life
indicators to the community.

It may not be clear at this point just how these objectives can be

mathematically stated, or these values put into a standard form (i.e.,
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the values of different types of variables standardized to the same scale).
The next section will discuss some of these techniques and some of the
applications of these techniques which should give a better feeling for

just how the objectives of the community and the physical constraints may be
put into the various operations research technique frameworks. The Riverton
problem will also be developed as an optimization problem in greater detail

in a later section,

6.1 Possible Optimization Techniques in a Land-Allocation Problem

We may utilize operations research techniques to offer optimization
decisions to various problems arising with respect to the Riverton problem.

The programming techniques (lZinear, nonlinear, and stochastic) might be
uFilized to éive a decision on the land-use allocation to be practiced in
order to maximize the quality of life to the community over some time period
of interest subject to the physical constraints presented in the problem
statement. In the nonlinear programming approach the variables which are
used as quality of life indicators are expressed as a function (generally
non{inear) of the acreage put to each land use. This then expresses the
impact of land-use allocatioh on our objective function which is to maximize
the quality of life over the time period of interest.

A linear programming approach would be a simplification of the nonlinear
programming problem. This would result in a loss of realism, but would allow
a much simpler solution to give an initial "ball-park'' estimate of the type
of allocation desired. A dynamic programming problem involving all the
intricacy of the Riverton problem would likely be unsolvable. However, it
would have the advantage of including time as an explicit variable, This

might be important since the static programming techniques (tinear, nonlinear,
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and stochastic programming) would allow all the land-allocation decisions to be
made at only one time, whereas the dynamic programming technique would allow
for land-allccation decisions to be made at distinct stages throughout time.

As a compromise to these two techniques, either the simulation-optimization
approach or a simulation gaming approach might be used to improve on the
decision process in the static programming approaches without involving the
solution complexity of the dynamic programming approach. 1In the SIM-O0PT
approach care would have to be exercised to make sure that the optimization
objective function had some look-ahead elements so that all the resources are
not utilized in one fell swoop to satisfy a short-sighted objective function.
The simulation gaming approach, while not an optimization approach per se,
would allow the decision maker to start with the best decision from the static
optimization pfoblém and then try to improve on it by trying variations
on the tﬁeme, mostly by approaches which change land allocation over time
rather tgan all at one time,

Stochastic programming,.whiie it incorporates the fact that the land-
allocation decisions are made under uncertainty about future developments in
the area, adds an order of magnitude to the solution complexity. It might
replace the linear programming problem to give an idea of the sensitivity
of the decisions to uncertainty about the future. In order to linearize some
of the complex functions in the objective function, quasilinearization |
techniques might be utilized.

Caleulus of variations is another optimization technigue which allows
for the possibility of including time as an explicit variable. However, it
shares with dynamic programming the problem of solution complexity in the case

of a large size problem.
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PERT, CPM, and queueing theory, while not aiding in land-allocation
decisions, can be utilized in implementing the decisions. PERT and CPM might
be used, for example, in how best to undertake a large-scale irrigation
project if this were decided upon. Queueing theory would be used to provide
adequate service facilities, especially in the cities. |In line with optimizing
quality of life, queueing theory might be utilized to provide convenience of
service for as many people as possible. This would be involved in transporta-
tion, hospitals, communications, etc.

Game theory might be used to resolve some of the political unrest in
the area. By éxpressing the various political strategies of the '"'antago-
nists' in the Riverton area, the ''political payoff" might be evaluated,
and various land allocation strategies could be compared from their stand-
point of political reality. Game theory might provide the avenue for
evaluating the political expediency of land-use systems chosen to optimize
quality of life or some such esoteric measure. A neglect of the game
theory aspect of the political arena would make a land-use allocafion'
system idealistic at best. Game theory might be combined with a simulation
game where the payoff of a combination of strategies is the value of the
objective function resulting from a run of tHe simulation with the combina-

tion of game strategies introduced as management 'knobs' into the simulation.

6.2 A Formulation Using Nonlinear Programming

As an example of the types of considerations necessary in formulating
a planning. problem in an operations-research framework, let us formulate
the Riverton land-altlocation problem as a nonlinear programming problem.

First, let us give some notation.
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the number of acres put to land-use i, where i = 1 for urban

Let Ai
use; i = 2 for irrigated forage or farm crop use; and i = 3
for rangeland use.

the dollar investment per acre by the public sector in land-

[

Let Di
use i. This is not a variable, but is considered a constant
for purposes of problem simplification.

V., = the value per acre of quality of life indicator k in land-

use type i over m years after land 'reapportionment.'

These are the economic, political, ecological, and sociocultural measures
of quality of life that have been standardized to the same ''value units.'
They will be a function of the number of acres put to land-use type i (Ai)‘
This function represents the impact of land allocation on the variables which
in turﬁlare réléted in the objective function to the value of the quality of
life.

Let the total acreage available be A acres.

Let Ci = the value in value units of having a dollar investment of
Di in land-use type i.
Let R =

discount rate on dollar investment Di'

In our nonlinear programming problem our objective function is to
maximize quality of Life over the m year time period after the land-
allocation decision is made. This may be expressed mathematically:

—_" (6.2.1)

maximize z
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The 19 values considered are the following:

Eeonomic values.

z.
1.
1it.

iv.

income per capita =V 1

employment stability = Vi 2
]

net regional product change = V. 3
?

income distribution =V,
P,k

Eeological variables.

i.
it.
it
iv.

v.

ecological degradation (impact of man on nature) = VI,S
environmental quality index = Vi,6

percentage use of renewable resources = Vi,?

percentage annual use of nonrenewable resources = vi,8

man-initiated energy consumption (system stability index) = \Ii 9
’

Soetocultural variables.

1:-
it.
iit.

iv.

population size = Vi,IO
social differentiation = Vi 1
’
cultural heterogeneity = V.
i,12
social psychological (social solidarity) = Vi 13
’

information gap = Vi,lh

Politieal variables.

T
1.
1T,

10,

scope of government services = Vi,15
uses of governmént services = Vi,16
political participation = Vi,l?
property tax base = Vi,!8

political power advantage = Vi 19
?
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These variables will be defined and described in a later section of this
report. The dollar investment per acre in the public sector, Di while
considered a constant in this model, could be included as an economic variable
and would then become another Vik'

Of course, more variables could be considered to make the problem more
realistic, but let us inftially work with the variables chosen, They represent
the educated guesses of individuals involved in the optimization workshops
and (as will be seen) should not be taken as definitive.

We now come to the constraints posed on the optimization problem by the

physical realities of the problem as well as some of the planning necessities.

3

IA <A (Assures that no more than the total acreage (6.2.2)
i=1 L is utilized in some land use) :
AL+ A, < JbA (Notes that no more than 40% of the acreage (6.2.3)

can be put to intensive water use, i.e.,
industry, urban, and agriculture; this is
due to the irrigation not extending beyond
Plane in the problem statement)
A1l the values were constrained to be in '"value-units'' between +10 and
-10. Sometimes the curves of some variables dipped below -10 (because having

the variables reach that quantity was considered '"unacceptable for planning."

This is expressed as the constraint:

V., 210 for each i and k (6.2.4)

This assures that none of the variables ever reach ''unacceptable'

guantities.

This represents the general mathematical structuring of the Riverton

problem as a nonlinear programming problem. We must now concern ourselves
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with the following problems:

%, How large is Di in each land-use area and how will this be
allocated {(on the average)?

ii. How do we standardize the variables to the same units {value units)
to put them into the objective function of the nonlinear programming
(NLP) problem?

iii. What is the impact of land allocation on each of the variables?

The variables must be expressed as a function of Ai {e.g., how
is the population density in the city, V1,10, affected by acreage
of urban development Al)’ and a set of curves of this sort must be
developed for each variable.

ivi What is the political milieu of Riverton?

With fhe dependent variables (Vi,kls) related to the independenf vari-
ables (Ai's) and standardized to Qalue units, a nonlinear programming algorithm
may be applied to try and find the Uoptimal'' land-allocation system.

Remember, however, a solution is not assured in all nonlinear programming
problems., Significant simplification and alteration of the functions might be
necessary before a solution is obtained. |t may be necessary to either linesrize
the problem or simplify the number of variables to make the problem tractable.

With this in mind, let us discuss each of the other problems (7 through

iv) discussed above.

6.3 Dollar tnvestment Di

In talking about dollar investment we are referring to dollar investment
by the public sector. Expenditures in almost all areas are made mainly on

education, police protection, highways, sanitation facilities, and fire
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protection. Also, payment is included on loans outstanding. Since these
expenditures are paid for by taxes (1ocal, state, and federal) and since
the ratios of expenditures to taxes in the western U.S. are more or less
the same from region to region (not changing significantly in a gliven
direction from range to agriculture to urban areas in the West), it seems
meaningless'to include the effect of tax expenditure as significantly
different from one land-use type to another.

Di might more meaningfully be considered the cost of the loans taken
out by the area to finance:

<. the irrigation projects in the.agricultura] area, and
i1. sanitation, power, and water development for industry in the
'néw urban area.

Thés; are diécounted over the m years of the problem at interest
rate R as.seen in equation (6.2.1). This is what was done with dollar
expenditure D. in equation (6.2.1).

The following assumptions were made about these Di's:

Z. To have agricultural land we must have irrigation. The dollar
cost 02 per acre of irrigation is a function of the number of
acres put to irrigation A2'

i7i. To have more urban land we must have power, sanitation, and water
development, The dollar cost per acre of this development D1 is
a constant. Increased urban areas will be assumed to attract
industry and increase job stability.

i1i. Range expenditures D3 will be assumed negligible,
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6.4 The Political Milieu in Riverton

Riverton has a council-manager form of government as contrasted to the
mayor-council or commission form of government. In the council-manager
form, the city council hires a professionally trained city manager who is
charged with running the daily activities of the city government. The manager
is usually a very important political actor as well as administrator. Most
often, due to the manager's training and experience, he is able to propose
policies for adoption {or rejection) by the council, and in effect, decides
for the council and the community the direction to be taken. While the council
has the final say-so in city decisions, the manager probably controls the
agenda and thus, the range of alternatives.

Especiafly with regard to the issue of whether or not to irrigate, the
manager would probably play a critical role. Due to his expertise and the
expertise of either the city planning office or a private consulting firm,
the manager would know more about the costs, effects, and so on of the
irrigation plans than the city council members or leading citizens. In
all likelihood the business leaders who were promoting the irrigation plans
would be working with the manager, in some capacity, to advance the irrigation
of the Riverton area.

Opposition to the irrigation of the area, of course, is likely to come
from the ranchers, as well as a generally conservative populace. Indeed,
even the promoters of irrigation are likely to search long and hard for a
plan that will not go too far!' in changing Riverton. In communities between
10,000 and 50,000 population the populace is generally less tolerant of new-
comers and ‘'different political ideas! and less likely to want the growth of

governmental services than citizens in larger communities (Key 1961), The
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white middle-class conservative views dominate in Riverton to the extent that
even blue-collar workers in Riverton vote and hold opinions more closely to
that of their white-collar friends than their blue-collar counterparts in the
metropolitan areas.

While conservative in many ways, the populace of Riverton probably has a
strong sense of political community and need to fulfill their civic obligations.
Voter turnout is usually fairly high pis—ca-vis other similar sized cities and is
usually around LO%.

Other types of political participation, such as campaigning, and especially
talking to political representatives and.others, are also likely to be fairly
high. Assuming Riverton has an old population, that is fairly well educated,
and a-reésonable percentage of professional and skilled laborers, then.political
participation will be quite high.

Riverton governmental services probably reflect this mixture of conservar
tism and high participation by demanding nefficiently" operated ''good"
government. The services provided are likely to be the common ones, €.9.,
police, fire, sanitation, streets and roads, water and sewerage, and
maybe some public health activities. In addition, Riverton citizens would
probably provide for and heavily use library facilities and parks and other
recreational and cultural programs. Indeed the latter, in the form of well-
kept city facilities, may be a source of community pride. The welfare and
health needs of the poor Riverton citizens are probably handled by private
institutions, like the church and civic organizations and/or the national
and state governments. In sum, the allocation of governmental services s
likely to be in maintaining the physical parts of the city and in providing
cultura! and recreational programs but not in supporting the public wel fare

and health areas.
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The educational system of Riverton is probably independent of the city
government. That is, the school officials are elected to their positions
separately from the city officials, and the school officials are i ndependent
of the city government in deciding on educational policies and setting tax
levies for the school system. Educational systems are also a source of prider
in most small towns to the extent that changes, especially consolidation of
school systems, are strongly opposed.

An increasingly popular way to summarize the governmental functions of
local areas is the following scheme given in Table 6.4.1.

Given the expected conservative nature of Riverton and its small size,
one would not expect all of these programs to be performed in the area; and
indeed, even‘if all were in operation, one would expect the nongovernmental
groups in the area to perform many of these programs. For example, the
docks for water recreation on River Running would probably be owned and
operated by private firms. However, given the kinds of changes that
could be expected from irrigation of the area, one could see how the

government would be expected to expand the number of services and increase

the intensity of existing programs to meet the demand.

6.5 Variable Standardization in the Riverton Problem
In the following section the variables ('u'i’1 to Vi,19) are discussed from
the standpoint of how they are standardized as quality of life indicators.
The units chosen were ''value units'' ranging on a scale from +10 to -10.
There are several reasons why value units have been chosen instead of dollars--

the most commonly used unit in mathematical programming techniques.
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Table 6.4.1. Governmental services provided in Riverton area (from George
Washington Univ. 1967, PPB Note 3).

Governmental Function Programs

Personal Safety Police, fire, jails, traffic
control, civil defense,
court system

Health Boards of health, inspection
services, ambulance
services, hospital, custo=
dial or nursing homes

Education Primary and secondary educ.,
vocational educ., special
educ., evening and part-
time educ., post-high school

educ.
‘satisfactory home and Sewers, utilities, waste
community environment collection and disposal,

poliution control, planning
and zoning

Economic satisfaction and Welfare, land improvement,
satisfactory work urban renewal, public
opportunities housing, civil rights,

industrial development

Leisure-time opportunities

Physical recreation Swimming pools, parks,
playgrounds, golf courses,
water areas

cultural recreation Libraries, orchestras and
bands, art galleries,
cultural and scientific
facilities, zoo

Transportation Roads, bridges, parking,
airports, river transporta-
tion facilities
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These are listed below:
i. Dollars are not linear. With regard to quality of life $100K may
be worth more than twice s5oK if what you need costs $75K.

ii. Dollars circumvert the value problem {1legally. We all can convert

our values into dollars, but then we really have 1O standardize
our dollars to each other which gets back to the original value
problem. Thus, although we think we are standardizad when we
talk about dellars, we really are not.

iti. Many variables do not translate into dollar units, €9« social

solidarity. We can give value units to this variable, but dollar
units are meaningless and offensive.

Althougﬁ the value ctandardizations We have chosen are arbitrary and would
likely have to be reevaluated and modified for application to a specific
problem, they do represent 3 step toward trying to standardize ecological,
political, economic, and sociological variables to Hgquality of life," and
these variables should be considered in planning decisions.

6.5.1 Ecological pariables. There are five ecological-related variables
which are considered in relation to the Riverton problem. These are:

7. ecological degradation (impact of man on nature) ,
il environmental quality index,
4ii. percentage use of renewable resources,
iv., percentage atilization of nonrenewable resources, and
». man-initiated energy consumption (a measure of system stability).

Each of these variables is represented by an indicator which is seen’as

a measure of the variable. This is done since a true measure of the variables

above would be extremely complex and would likely be impossible to obtain.
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Ecologiecal degradation—Vi,s. This is a measure of man's impact on the
natural environment. It is indexed by the pollution, erosion (or range
quality on the range), and biotic diversity.

Mathematically we might say that the degradation

= a, (pollution level) + a, (erosion level) + ay (biotic diversity).
Since three separate indicators are used, we divided each indicator into

three levels, 1, 2, and 3:

For pollution 1 = low 2 = moderate 3 = heavy
For erosion 1 = light 2 = moderate 3 = severe
For diversity 1 = high 2 = medium 3 = low

We can substitute range condition for erosion on the range area since
they are:usual]y inversely proportional.

SI;;e not all indicators apply in all land-use regions, in the urban
area let a, = a5 =0 and.in the range area let a, = 0, i.e., pollution is
relatively unimportant on the range. Erosion and biotic diversity are
unimportant in the city. Urban pollution refers to air, water, and noise.
lrrigated land pollution is mainly pesticides and superfluous water nutrients
(eutrophic water systems) .

For each of these indicators the levels (i.e., 1, 2, OF 3) will have to

be defined.
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Fig. 6.5.1. standardization of ecological degradation - Vi g
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Now let us interpret this curve, consider first the urban area. Since
erosion and biotic diversity are not important we have only three levels. We
take the average reading for each level {(e.g., high pollution = -6.7 value units,
low pollution = +6.7 value units). In the range area (a1 = 0) we use the
average (2) pollution value. Thus, our range is cut from +3.5 to -3.5. For
the irrigated area the value of any combination of pollution level, erosion

level, and biotic diversity level may be read from the figure. Here, lack
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of degradation is seen as very desirable, while high degradation is seen
as extremely undesirable {-10 in the extreme, i.e., ON irrigated land) .
Environmental quality. The indicator used to define this is the macro-
diversity of the environment. In the urban area this is the differences of
housing styles, public buildings, parks, recreation areas, etc. In irrigated
land it is the differences in farm sjzes, Crop diversity, existences of fence
rows, streams, woodlots, etc. On the range it is the differences in terrain,
developed ponds, etc.
In each area we Use the information statistic to give the macro-
diversify of the environment. This is --'z‘.pi 1ogn P where the pi's are the

proportion of the total land-use area put into the various subcategories

mentioned above.
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Fig. 6.5.2. Standardization of environmental quality - Vi 6°
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High diversity is quite desirable (+7). Low diversity, while undesirable,
is not very undesirable (-& at the minimum). It is postulated that 3 high.
diversity is esthetically desirable and therefore raises gquality of life.
The choice of which subcategories are to be included as indicators of
the diversity of the environment affects the value of the diversity index
resulting from the computation of the environmental macrodiversity. For
example, the diversity in an industrial city with many small industries all
employing workers in the same cultural and income categories would be
larger than a very similar city with only one factory in it, if in the
choice of subcategories for environmental diversity the distinction is made
between what is produced in the various factories. For this reason, great
care must be taken in choosing indicators of system diversity which are
concomi tant with the hypothesis that high diversity is esthetically desirable.
Percentage use of renewable pegources. This is indicated by the percentage
utilization relative to the maximum feasible use to maintain the resource as
renewable. Thus, in forage we want to compare the amount being utilized relative
to the potential utilization at Hmax imum sustained yield."!" Since there may
be more than one renewable resource policy, the average percent utilization

is used here.
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Fig. 6.5.3- Standardization of renewable resources use - Vi,7'

Within the range 0 to 100% utilization, increasing ytilization is seen as having
value. A 50% gtilization is the npreakeven'' point. Above this 50% utilization
value is positive, and below it is negative. Above 100% atilization the resource
is no longer renewable, which is seen as extremely undesirable.

Percentage usé of nonrenewable resources-Vi,B. 0il, gas, nonrenewable
aquifer, minerals, etc., will be defined in terms of the average percent annual
use of the remaining nonrenewable resources. Beyond 5% annual use
value drops; it is positive below about 1.5%. ytilization above 5% will
not be tolerated. Below .5% value also drops, since it is assumed that man

has become in some cense dependent upon his nonrenewable resources and
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must continue some harvesting to maintain his system from breakeven {see
energy considerations variable). A high percent utilization is seen as

extremely negative in value.
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Fig. 6.5.4. Standardization of nonrenewable resource use - Vi 8
>

System stability potential~-man-controlled energy consumption-vg’g. We
consider the ratio of man-controlled energy inputs to solar input utilization
an important ecological indicator {Odum 1971). The larger the ratid, the more
man must depend on his energy input to maintain stability {fossil fuels are
his major source of exogenous energy Input). For example, in a city stability
is extremely dependent upon machines which run on fossil fuels. Loss of

these fuels is a source of potential system instability.
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The range is +4 to -4, For very small ratios the value is positive;
for larger ratios the value is negative. The value drops off rapidly
(exponentially) with increase in energy ratio, but the rate of value drop-
of f rapidly diminishes and stabilizes at -4. We might say that above a
certain ratio man is ''hooked," to his own detriment, on fossil fuels,

6.5.2 Socioeultural value standardization curves. The five values
that were chosen from the sociocultural area are:

7. population size,
i1. social differentiation,

7iZ. cultural heterogeneity,
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iv. social psychological, and

v. information gap.

Also considered was soetal gtratification, which will be equated with

the economic variable income diastribution and will be treated in the economic

variables section.

For each of the value standardization curves the units for the factors

on the x axis (abcissa) a“~ defined. The y axis (ordinate) is always

standardized to value unt' ~ {v.u.) with a total maximum range of +10 to -10.

o

Each curve also includes an explanation of the reasoning behind it.

The units equal population per square mile.

Population stze-Vi,la.

+10 |-

5000 people/mile2

i,10

Value Units

| | | | y 1
0 100 1,000 10,000 100,000

-10

Population Size (persons)

Fig. 6.5.6. Standardization of regional population size variable - Vi 10°
1
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For low population densities, value is low since resources cannot be
properly utilized, At very high densities conflict and aggression develop.
This is seen as of extreme negative value (~10 at about 20,000 peOple/mileZ).
This curve is for urban populations. For rural populations the optimal
density is much lower--about 60 to 100/mi|e2. Also, instituting irrigated
agriculture into range area will affect urban population densities which
increase to ‘'support' the agricultural sector.

Soetal différentiation-V£,11. The degree of social differentiation is
operationally defined as the number of separate job categories listed for
the area. This ranges to the ''jack-of-all-trades'' tribal society with

around 10 to 20 separable jobs to the ''mass' industrial society wi th

approximately 40,000+ Jobs.

+10 1
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- 1 1

-10 1
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Social Differentiation (number of job categories)

Fig. 6.5.7. Standardization of social differentiation variable - Vi 11
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With a small social differentiation there are not enough "information
resources' to logistically handle social systems of the sort in the U.S.
Increase in social differentiation (specialization) is seen as desirable.
With too much specialization, however, value drops; people become irreplaceable
with no job interchange possible. Trust in the interchange of job services
breaks down as one loses sight of just what the other guy is doing. This
leads to unconstrained conflict (seen as negative in value), We must
emphasize that conflict per se is an important asset to a social system
since it promotes the search for 'variety.'! What is bad is a system without
conflict resolution capacities by which '""variety'" or alternates are Qelected
and introduced. The elimination of conflict or the presence of unconstrained
conflict is a survival problem for a variety seeking system in a changing
environment,

Cultural heterogeneity-V£,12. Cultural heterogeneity, operationally
defined as differences in life styles including language, ideology,

techniques (child rearing, food preparation, etc.), was initially deflined
|

as the number of significantly different life styles in a community.
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Fig. 6.5.8. Standardization of cultural heterogeneity variable - v, i2'

A uniform life style is seen here as having no value (i.e., in a planning
situation we would plan neither for nor against it}). There is some value
in having a good mix of 3 to 10 life styles or so (+4% = maximum value).
However, with 40 or more languages, major techniques, idealogies, etc.,
confliet frequently develops. In some systems (e.g., some cities which form
ethnic neighborhoods) conflict may not directly develop. Thus, this value
curve is dependent on the land use system within which it exists.

Cultural heterogeneity might be alternatively defined as ''variety' in
the information theory sense of the word. In modern systems theoretical
language, only variety can déétroy variety. For our purposes here, this

translates into the statement that for every change in the environment upon
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which a given social system depends, there must be an option in the system

by which to match that change or the social system ceases to be an

irreversible thermodynamic entity and tends to entropy. This is often

stated as Ashby's law (principle) of requisite variety., A pluralistic society

satisfies Ashby's principle better than an homogeneous culture, There are

more options stored in the system,
Soeiopsychological variable-V£,13.

defined as how we relate to other individuals in our environment., The

The sociopsychological variable is

relation ranges from alienation (a sense of apartness) to solidarity (an
ability to work, relate, and recreate with the individuals around us).

We did not get around to putting units on this, It may not be easily
guantifiable so let us suggest five categories.

<. high alienation ]

Z72. low alienation Measured by suicide rates, crime rates,
unemployment rates, and dropout rates;
iii. wavering . also feelings of powerlessness,
estrangement, apathy to the fate of
iv. low solidarity others,

v. high solidarity |

The value scale will be for the mases society (range of +3 to -3).
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Alienation is seen as bad, solidarity as good. It is not too heavily
weighted because mass society does not stress solidarity tooc much and places
emphasis on technological alternatives to personal communication (as, €.gd.,
TV, stereo, etc.).

Information gap-V, Information gap is defined as how far behind

1,14*
(or ahead) the information resource ability of a society (the ability to
report, make decisions, implement, and evaluate them) is compared with its
information needs., Both information needs and resources are defined in terms
of information half-life. This is considered the amount of time for half

the information to become obsolete. We define the information gap as the

information needs half-1ife - information resources half-1ife
information needs half-1life

This is positive if the half-life of needs exceed the half-life of resources

and negative if the reverse is true. (Note: A short half-l1ife for
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information needs implies faster circulation of information and a need for a

shorter half-1ife of information resources). Since information gap is

normalized by information needs, its maximum is +1. We limit it in practical

situations to fall between +1 and -5. Thus, information gap is not allowed

«5 (i.e., information resource half-life cannot be more than

Ly

six times the information need half-1ife) ,~

to fall below

+10 b=

3
[[5]
Fir)
=
o }

VI,]’-! g or
o
-

i | ] L 1 |

Ty 3 2 o1 0 41 42

Information Gap (unitless)

Fig. 6.5.10. Standardization of information gap variable - Vi 1"

L/ This discussion of informational half-1life and the concept of information
gap is entirely original in this report and is the joint product of T. R,

Young and Gordon Swartzman.
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A premium is put on good information resources relative to information
needs (information gap = +1 = value = +10). At 0 information gap the
resources are keeping up with the needs, and this is seen as quite desirable
(value = +8), Below this the information gap is negative (needs exceed
resources); and the system, if continued this way for a long while (relative
to information needs), will often self-destruct.
6.5.3 Economie variable standardization curves. There are four
variables which have been chosen for consideration from the economic sector.
1. income per capita,
ii. employment stability,
i1Z. net regional product change, and
iv. income distfibution,
Another variable, income stability, was omitted because it purportedly can
be inferred from per capita ineome and income distribution,
Income per capita-Vi 7° Income per capita is defined as the dollar income

L4

per individual,
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Fig. 6.5.11. Standardization of income per capita variable - Vi 1
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Here the income per capita value increases linearly with increased income.
The 0 value point is the mean per capita income (about $2500) in the U.S. today.

Income per capita is seen as relatively unimportant since it may often be mis-

leading as an indicator of life quality.

Employment stability-Vi PR This is defined as the percentage of the work
3

force employed.
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Fig. 6.5.12. Standardization of employment stability variable - Vi 2"
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The 0 value‘is 96% employment--the national average. A 98% employment is
seen as optimal having a value of +6 value units. Below a 36% employment,
the value is negative with no less than 85% employment allowed (i.e.,
employment stability > 85%). Above 98% employment the value drops rapidly
since there is no surplus labor force to meet fluctuations in demand.

Net regional product change after m years-Vi,s. This is defined as the

percentage change in net regional product m years after land uses are

allocated,
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Fig. 6.5.13. Standardization of net regional product change variable - Vi 3"
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Net regional product change is seen as very important as evidenced by
|

the full use of the +10 to -10 scale. A 0% change in net regional

product over m years is seen as a negative value {(-3). The range +1¢0 to
]
-100% change has been considered because it is a believable maximum range for

regional product change over m years (m is not greater than 10 years).

Income distribution—Vi 20 This is defined as the cocefficient of varia-
>

tion of incomes
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Fig. 6.5.14. Standardization of income distribution variable - V. ,.

The larger the coefficient of variation, the more dispersed are the
incomes. For example, under an assumption of normal income distributfon,
a coefficient of variation of 1/4 will result in 95% of the incomes lying
between 1/2 and 1 1/2 times the mean income, while a coefficient of variation
of 1/6 will result in 95% of the incomes between 2/3 and k/3 the mean income.
The 0 value point is taken as income distribution (coefficient of vari-
ation) edual to 1/6. Higher coefficients of variation (more dispersal of
income) are worth negative values, Value increases rapidly for less income
dispersal than 1/6 and reaches a peak of +8 at coefficient of variable equal

to 1/10. For lower coefficients of variation, value drops severely; this

would imply too uniform a society.



=107=

6.5.4 Standardization of politieal variables. The political variables
in the Riverton problem have been chosen to reflect the political considerations
to be made in the optimization framework. These are:

i. scope of government services,
i1. uses of government services,

ii1. political participation (a measure of how open and accessible the

political system is to individuals and groups),
iv, property tax base, and
v. political power advantage (a measure of the ruling structure).

Seope of goverrment services—Vi,Is. The scope of government services
in an area, then, will be measured by the number of services provided to the
community by the regional government.

In looking at how the number of services or the scope of government
services are related to the other variables, we have s;andardized them to the
same value units to which the other variables have been standardized.

Obviously, the minimal servfces are going to be performed by any
local government. Oftentimes, these few services are all the people want,
especially if they are ingxpensive (low tax rate) and of fairly high quality,
say due to the luck of attracting an ambitious young city manager who wants
to do well to be able to progress professionally. Again these attributes of
a city often make it very attractive to people.

However, an increase in the number of governmental programs also
increases the attractiveness of the area as a place to live. The value
of having a wide variety of public services open to all people is often

preferable to the private performance of the services., Especially if or
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when a city is able to provide facilities in the leisure-time category,
the attractiveness of the city increases.
Over time the number of services is likely to increase. In large measure
this is simply due to more people in an area with a greater variety of needs.
Also, one may discern a general trend to make more demands on the public
sector even if population size and characteristics change very gradually.
Thus, more services would be expected given no significant change, like irrigation;

but the impact of irrigation would increase the rate of increased governmental

programs.
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Fig. 6.5.15. Standardization of scope of government services variable - Vi 15°

The 0 value point is the point at which four services are provided,

These are assumed to be education, police protection, sewage and street
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building, and repair. As the number of government services increases beyond
this point, value increases to a maximum of +3. However, if the number of
services should drop below this point (i.e., if some of these '"essential
services are dropped), then the value drops sharply to a minimum of -10 at
zero services provided.

Uses of govermment services-Vé,ls. By uses of government services we
mean how heavily the services provided are utilized. We measure this by the
percentage of the population utilizing the services that are provided.

Uses of governmental services are likely to be fairly high in Riverton.
One reason is that there are probably not many alternative things to do in
a town that small. Also, of course, the public facilities serve as places
for social gatherings.

The personal safety and health services, especially inspection of homes
| for building code violations, are done in a very informal and personal manner,
For example, in New York City a disorderly drunk is likely to be poorly
treated whereas in Riverton he may be given a ride home by the local police.
in meeting home safety requirements inspectors in Riverton seldom hassle
Mrs. Murphy even 1f her boarding house does not meet all of the health .
standards.

General usage of governmental services then includes both calling for
help from, say, the police, as well as having a picnic at the local park.
Probably 20 to 30% of the populace has made use of the government for problem
solving, e.g., calling the police and using the parks; and, maybe another 30
or 40% have only used the park facilities. The combined usage may be from

50 to 70%. The value curve for this variable is given below.
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Fig. 6.5.16. Standardization of uses of government services variable - Vi 16"
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An examination of the above figure shows that increased use of government
services is of increasing value. The breakeven point, the point at which the
use of government services Is considered of either positive or negative value,
is 50% usage. Below this usage the value is negative with a minimum of =3
value units. Above this usage the value is positive reaching a maximum of
+3 at about 70% usage, and then further increase In usage does n;t increase
the value. Apparently, it is extremely rare to find areas where usage of
government services extends beyond 70% of the population,

Political participation—Vi,I7. Political participation is measured by
the percentage of the voting age population which votes in local elections.

A very low voting percentage is seen as a measure of a closed system, where
no real political choice is available to the voters, while a high degree of
participation is probably indicative of an open political system. While

normally high for a town the size of Riverton, due to the manager form of
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government, the closed elite system and the generally non-tolerant nature

of the populace makes it not so here. Poor and uneducated people normally

do not like the manager form of government and hence do not participate as
much as in other forms for a couple of reasons. First, government is in

the hands of an expert, the city manager, and is not run by péople like one's
neighbor. Secondly, councilmen are elected in at-large elections and may not
live in the poorer sections in town. Together there seems to be powerful
detriments to poor peoples' participation in politics in small-city manager
cities. The impact of the closed elite system and non-tolerant attitudes

is fairly obvious: it does not promote much hope in getting one's views heard
or respected; even one's vote may be considered meaningless.

The goal of widespread political participation is that of self-
realization of one's own goals in society. |In the process of political
participation one would hope for continued personal self-development as
well. Then as one's political efficacy increases, his satisfaction with
participation and its results will increase. |In actuality a voting rate of
30 to 40% of the adults of voting age in local elections is about par. The

figure below shows political participation standardized to value units.
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Fig. 6.5.17. Standardization of political participation variable - Vi 17
k]

Political participtation is seen as extremely Important to the
decision maker. The average political participation for a local or
regional election is about 40%, and this is the 0 value point. Above
this point the value of participation increases quite rapidly until a +8
value is reached at 90% participation after which there Is no further
increase in value. Below 40% participation the value goes negative and
drops extremely rapidly. A =10 value is reached at 20% participation
below which an extremely closed system is assumed to exist and such a
situation will not be tolerated by the planners.

Property tax base-Vﬁ}IB. The property tax base is defined as the dollar
per capita property value in the region, It is a direct measure of the

size and type of buildings that exist in the area. In a residential {solely



-113-

residential) area the property tax base is generally low. 1t increases
as commercial areas are built and is generally highest in the areas which
have industrial development. The expected range of property taxes is from
$25 to $75 per capita for a city the size of Riverton.

Roughly one would expect the largest tax base from an industrial town,
next largest from a commercial trade center town, and the smallest tax
base from a largely residential community, like a “'bedroom suburb,'" This is
an interesting index due to its consequences on a number of things.

Since property taxes {rather than user charges, and state, sales, and
income taxes) still account for the bulk of local revenues, a city and
school system needs the tax base to raise money to spend on the increasing
demands for services., Oftentimes, the tax base may not change, but the tax
rate does increase, To avoid this problem the traditional thing to do was
to seek new industry for the town. Unfortunately, few city officials were
able to see the consequences. If at first they solved their problem of a
declining tax base, they were unable to meet the new needs for local services
such as police and fire protection for the industry and its employees. School
officials had more kids per classroom with which to deal. Public utilities
had new demands for water and sewerage, and so on until the costs of public
services again outdistanced the means of raising revenues.

To some extent reliance on property taxes is decreasing while the use
of sales taxes and user charges are increasingly popular ways of raising
local revenues, In addition, state aid to localities is a larger part of
total revenues for localities than in the recent past. Even with the
alternative means of raising revenue the cities have had to seek both federal

aid as well as to increase their own indebtedness to meet new demands.
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The property tax base not only has a limiting impact on what the
government may provide, but also it obviously has a large impact on the
environment and life styles of Riverton citizens., A heavily industrialized
town will have more pollution problems in need of a solution than a commercial
or residential town. Thus, there seems to be an inverse relationship between
revenue potential and pollution potential.

Life styles can also be affected by the tax base. Assuming one is in a
largely residential community that has demands for high quality educational
systems, libraries, parks, etc., then the tax rate will be very high. As one
has to pay more in taxes, the economic ability to do other things declines.
Changing the tax base from a residential to a commercial or industrial mix
may reduce property taxes, initially, yet alter the types of people one may

find as a neighbor.

The figure below shows the value standardization curve for this variable.
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Vi18
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Fig. 6.5.18, Standardization of property tax base variable - Vi 18"
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The average property tax base per capita is $50, and this is the O
value point. Both above and below this, between $30 and $60, value does not
change a great deal. However, above $60 value rises a bit more sharply to
a maximum of +3 value units, and below this range value drops off quite
sharply to a minimum of ~5 at about $10 per cabita. The curve does not go
below this point because per capita property tax base below $10 is not
expected.

Political power advantage-Vi,Ig. When we refer to political power
advantage we are trying to infer the structure of the ruling body in the
community. We can look at the ruling body of various communities as ranging
along a continuum between rule by a traditional elite (as for example a king
and aristocracy or 4 political machine) to rule by a competitive elite who are
more reflective of a highly participatory system of democracy. Thus, we
define political advantage as the percentage of the ruling organization
composed of individuals who are the competitive elite category.

It is likely that the people occupying the roles of authorities in the
city government, or the school board, the utilities commission, and other
public bodies are drawn from the traditionally important families in Riverton.
This elite group has run the public institutions for many years and will
continue to do so for some time to come. Indeed the bankers, owner of the
largest feed store, large farm owners who live in town, and lawyers will
occupy most, if not all of these positions. Opposition to these traditional
elites at election time is weak or nonexistent and obviously with very
little hope of ever winning. Thus, the small store owner, small farmers and
ranchers, store clerks, farm and ranch laborers, and others tend to have

few, if any, political authorities recruited from their ranks.
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The upshot of this is likely to be a nearly self-perpetuating elite that
knows what is best for Riverton' even without consulting with people outside
of their own elite group. Of course, as suggested above, this is probably
the accepted way of doing things and is unlikely to be strongly opposed uniess
a change occurs, like irrigation. In one sense of ﬁolitica] representation,
i.e., an authority standing for the wishes of his constituents, the system
tends to be closed., Also, the recruitment to positions of authority is likely
to be closed. |

On the other end of the spectrum is the open system where a large
proportion of the people have a realistic chance of occupying authority
roles and standing for the wishes of a large proportion of the populace.
Access to the authorities to express demands is greater in the open than
in the closed system as is the multiplicity and range of demands., While
the closed system is usually not physically repressive of minorities, the
South excluded, the open system being more tolerant of a wider variety of
people is not likely to be as repressive as is the closed system.

An open political system is preferable to a closed system on a number
of counts, chief among which is the probabilities of which variety can be
acquired and introduced into the system under changed environmental conditions.
A closed political system will not adopt requisite changes inimjical to narrow
establishment interests of the power elite.

The figure below shows the value standardization curve for political

power advantage.
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Fig. 6.5.19. Standardization of political power advantage variable - Vi 19°

It will be noticed that a competitive power situation is considered more
desirable than a traditional one. As more than 50% of the ruling body is
composed of competitive elite, they can control the ruling situation.
Therefore, around 50% competitive elite the value rises quite steeply to a
maximum of +6 value units, Since the competitive elite has control of the
situa;ion, little further increase in value is evidenced above 50%. The
breakeven point in value is 25% competitive elite. This is the point at
which the competitive elite can begin to assert themselves in the ruling
situation while the traditional elite still maintains control. Below 25%

competitive elite value is negative going to a minimum of -3 value units.

6.6 Impact of Decisions Upon Variables

Each of the variables described in the previous section can be related

back to the independent variables (the Ai's). In this section we will show
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impact of the tand allocation decision upon the variables which appear as
values to the planner in the objective function of the nonlinear programming
problem. In some cases the variables are interrelated. That is, some

of the variables may depend on other variables which in turn may be related

to tand allocation. Thus, each of the variables are at least indirectly
related to the land-allocation decision resulting from the objective function.
Stated in another way, each of the variables are a function of the amounts of
acreage put to the various land uses.

In this section we will try to develop, in a rough fashion, the
relationship between each of the 19 variables outlined in the previous
sections and the land acreage in urban land, irrigated agricultural land,
and rangeland, respectively. Table 6.6.1 shows the general effect of land
allocation on each of these 19 variables.

6.6.1 Economic variables. Let us examine the effect of the acreage
allocation between the three land-use types on the economic variables--per
capita income, income distribution, job stability, and net regional product
change.

Per capita income. The following three figures show the changes in per
capita income with the change in the percentage of the total acreage put

into urban, rural, rural irrigated, and range areas, respectively.



Table 6.1. Table showing general effect of land allocation wpon value to the community via vquality of Iife."
Relative Importance - General (nfluence of Effect of Increasing Land Usage In:
Variable {value range in Increase in Variable
value units) On Value Urban Agriculture Range
Economic
1. Income per 4 + Increasing jncreasing Increasing
capita - V.
i,
2. Employment 16 + Increasing Increasing Increasing
stability - Vl 2 and then and then
* decreasing decreasing
3. Net regional 20 + Increasing Increasing Increasing
product change and then
practice - Vi 3 decreasing
L. income 18 + for Jow Increasing Constant Constant
distribution - Vi 4 = for high and then
* decreasing
Esological
5. £cologlical - “i 5 20 - Increasing Increasing Increasing
' and then
decreasing
6. Environmental 1 + Increasing tncreasing Decreasing
quality index = \I‘i 6 and then and then
' decreasing increasing
7. Percentage use of 4 + under 100 Increasing Increasing Increasing
renewable resources - Vi 7 - over 100 over 100 over 100
! and then
decreasing
under 100
8. Annual % usage of 14 - increasing Not Not
nonrenewable resources - Vi g applicable applicable
9. Man-initiated energy 8 - High fncreasing Increasing
constant and then

cons tion = V.
sumpt! i.9

Soctooulture
10, Population size = Vi 10 1h + then -
11. Social differentiation - 16 + then -
V.

i, 11
$2. Cultural heterageneity - 14 %+ then -
V.
i,12
13. sociopsychological [} +
(solidarity)} - Vi'13
14. Information 20 +
advantage - vi,1h
Politieal

15, Scope of government 13 +
services = V,

i,J15
36. Uses of government [ -
services - Vi,i&
17. Political 18 +
participation - vi 7
18. Property iax 8 *
base - Vi"a
19. Pol tical power ] +

advantage - Vi.19

decreasing

Increasing Increasing Decreasing
and then
decreasing
increasing Increasing Increasing
and then
decreasing
Increasing, Decreasing increasing
decreasing. and then and then
and then increasing decreasing
Increasing .

pecreasing Decreasing Decreasing
and then

increasing

Decreasing Decreasing Decreasing
and then and then
increasing increasing

R
Increasing * *
L
Increasing * *
Increasing increasing Increasing
. *
Increasing * *
L *
Increasing * *

% ppplies to whole Riverton area.
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Fig. 6.6.1. Urban per capita income vs. urban area.
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Fig. 6.6.2. Agricultural per capita income vs. irrigated area.
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Fig. 6.6.3. Range per capita income vs. range area.
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It is postulated in each of these figures that increasing the land use
in any one area increases the per capita income. The per capita income in
the urban area is the highest overall., Its range is $2000 to $3000 per capi ta.
The hypothesis here is as the size of the urban area is increased, the number
of professionals and managerial types that move into the area increase, jobs
are more available, and a general booming economy results in higher per capita
income,

In the agricultural areas incomes are lower than in the urban areas.
Increasing the acreage in agriculture implies an increase in the size of the
holdings, which means larger per capita income for the individuals involved,
although population densities probably drop. Population density will be
discussed with the sociological variables.

| In the'range area increased amounts of acreage in range also tends to
incfease the size of the land holdings which increases the per capita
income of the people involved.
Ineome distribution. The impact of land allocation upon income distri-

bution is given in the following three figures for each of the land-use areas.

Urban
| ncome
Distribution
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~

u
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K

Fig. 6.6.4. Urban income distribution vs. urban area.
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Fig. 6.6.5. Agricultural income distribution vs. irrigated area.
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Fig. 6.6.6. Range income distribution vs. range area.

In the urban areas income distribution is the highest of the three
areas. However, it is not greatly affected by the change in the size of

the city. As the city size grows, there is a slight increase in income
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distribution as professionals and laborers come in to work in the industrial
areas; however, income distribution is fairly high to start with, and
does not increase greatly.

In the agricultural area the income distribution increases with initial
distribution of agriculture as laborers and farm specialists enter the area.
However, with increasing agricultural use, the land holdings are increased
with a tendency for a land-holding class and a laboring class, without a
great deal between, reducing the distribution of incomes. A similar
pattern occurs on the range where increasing the size of the range area
initially increases the distribution as specialists come in, but further
increase results in a laboring class and an owner class with very little
incéme distribytion between them.

l_ Job stability (percentage of labor force working). The figure below

shows the change in job stability as a result of land allocation change.

95%
100 + ¥
P L
90
Urban Job
Stability

(% employed)

Fig. 6.6.7. Urban job stability vs. urban area.
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In the urban areas it is noticed that job stability increases originally
as urban size increases because of the input of factories which increase the
number of jobs availtable, but then as immigration increases, a larger percent-
age of the population is unemployed. Employment overall is quite high in
the rural and range areas, and it is not clear that there is any effect upon job
stability by changing the amount of acreage in the various land uses. In
the agricultural area employment is assumed constant at 92%, whereas in the
range area employment is assumed constant at 90%. We are open to any contrary
ideas about changes in job stability with increasing acreages in agriculture
or range as these are quite tentative hypotheses.

Net regtonal product change. The change in the net regional product is
seen as an extremely important economic variable and is reflected as a

function of land allocation in the three curves below.
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Fig. 6.6.8. Urban net regional product change vs. urban area.
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Fig. 6.6.9. Agricultural net regional product change vs. irrigated area.
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Fig. 6.6.10. Range net regional product change vs. range area.

In the urban areas increasing population initially has a very large

effect on the net regional product change per acre. In fact, at approximately



~126-

0% of the total urban area, there is a 100% increase in net regional

product over 5% urban area. This reflects a population change from about
10,000 to approximately 100,000. The major change is in the industrialization
of the area which greatly increases the net regional product. In fact, a 100%
change may be an underestimate.

Reducing the urban area below 5% means reducing the net regional product
as the remnants of urbanization leave the area. However, it is not likely that
the city will drop in population because the major thrust of the planning con=
cerns whether or not to expand the urban areas presently existing.

In the agricultural area where approximately 5% of the acreage in the
Riverton area is now put to agriculture, increasing the acreage of agriculture
will increase the net regional product per acre by about 20% when the agri=
cultural acreage is increased to 40% of the total acreage, which is the
maximum it is allowed to increase under the optimization programming frame=
work. Here again, no consideration is made of the curve below the 5% level
because reducing the amount of acreage in agriculture is not a realistic
planning alternative,

With the range area where presently 90% of the acreage is in range,
reducing the acreage in range will reduce the size of the land holdings and
will reduce the income or the net regional product per acre by about 10% if
range area is reduced to about 10% of the area. Further increasing the range
beyond this 90% level seemed to have no major effect on the net regional
product per acre.

6.6.2 Eecological variables. Let us now consider the effects of the

land allocation and other variables upon the ecological variables.
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Ecological quality index. The three figures below show the effects of
land allocation upon the environmental quality index. It is noticed that in
the urban area, the population is considered a more important direct influence
upon environmental quality than the amount of acreage in the city. Therefore,

this is used as the independent variable in this figure.

Urban Ecological 7]
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Fig. 6.6.11. Urban ecological guality index vs. urban population.
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Fig. 6.6.12. Agricultural ecological quality index vs. irrigated area.
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Fig. 6.6.13. Range ecological quality index vs. range area.
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In the urban area as population density increases, the pollution, which
is the major factor determining environmental quality in the city, increases
exponentially. We are not considering the case of cities beyond 100,000 where
some pollution abatement activity might be necessary. Actually, considering
pollution abatement, it would be a factor pushing the entire curve to the
right, rather than eliminating pollution in large cities. The only real
solution to pollution that is apparent from this curve is a low population
density.

In-the agricultural areas the major pollution source to be considered is
watér pollution; air pollution is assumed negligible. Also, erosion resulting
from over-intensive use of the land is a factor to be considered. The curve
is piece—wise-discontinuous because it is assumed that you cannot go from
low‘pollution and moderate erosion to low pollution and high erosion, but
rather from low poliution and moderate erosion to moderate pollution and
moderate erosion. The reasoning with this curve is that as the acreage in
agriculture increases, the land passes from small land-holders to larger land-
holders with larger tand units. The large jandowners are assumed to use
less intensive agricultural procedures in getting their crop. This, as
mentioned earlier, results in less yield per acre and a lower gross regional
product per acree. However, it does, in general, result in more erosion and
more pollution due to the increased use of fertilizers, machinery, and more
complete usage of the land. For example, wood lots are cleared, and gullies
are generally filled in large farms. This results in a potential erosion
situation much more serious than where these practices are not done. Here

again, it is to be noticed that the curve 15 not considered beyond 40% of the
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acreage put to agriculture, because this is a limitation set upon the planning
procedure as a constraint by the nonlinear programming framework.

In the range area the two major factors are range condition and erosion,
However, since range condition and erosion are very highly correlated (that
is, good range condition generally results in very little erosion, whereas
poor range condition generally results in high erosion), the two will be
considered together. The H category (standing for high) refers to high
erosion with poor range condition, whereas the L category refers to Tow
erasion and good range condition. The explanation for the curve is5 as
follows: with small amounts of area in range, landholdings are small,

There is little economic pressure and also little done in the way of land
conservation practices. Therefore, grazing is assumed to be moderate, range
condition moderate, and erosion moderate. With increased acreage in range the
economic pressure and competitiveness is increased., However, since the land-
holdings are still small, this pressure is generally evidenced not in land
conservation practices but in more intensive grazing, which reduces the range
condition and generally increases the erosion. MWith increased acreage in
range the operations tend to become larger, with operations frequently being
bought up as tax losses. This results in institution of conservation
practices, less intensive grazing with a result in increase in range condition,
and a sharp reduction in the amount of erosion.

Environmental legradation. The environmental degradation, or landscape
degradation, is a measure of the diversity in the area. In the urban area we
are referring to diversity of types of structures in which people live, work,
play, or buy; whereas in the range and agricultural areas we are referring

to the biotic habitat diversity. These are all measured by the information



-131_

statistic for diversity 2s outlined in the value standardization section
presented earlier. It should be initially mentioned that these curves repre-
sent only the general response of diversity to changes in the amount of acreage
of the various land uses. We are using the information that diversity indices
found fn the field lie mostly within the range of 1.5 to 4, We have actually
done no studies to show that diversities of the types of structures in a city
would also fall in this range. Thus, our curves represent in some ways, mere

inference, or hypothesis.
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Fig. 6.6.14. Urban environmental degradation vs. urban area.
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Fig. 6.6.15, Agricultural area environmental degradation vs. irrigated
acreage.
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Fig. 6.6.16.

Range area environmental degradation vs. range area.

In small towns the diversity of structures is assumed to be rather low

with the types of commercial, industrial, and residential establishments being

fairly uniform and similar., As the size of the urban area grows, the diversity

increases with different kinds of commercial industries coming in, ghettos

being formed, neighborhoods being formed, architectural influences from
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areas playing a role, and different and varied kinds of commercial establish-
ments being instituted. Notice that no more than 4% of the area is considered
to be urban, which puts a maximum limit on the population density of about
100,000 {as wil) be seen from the population density curves in the sociological
variable section). With further increase in urban density the factors that
were outlined above would increase even more rapidly, and very large diversities
of urban structure might be expected. By urban structure we mean not only
buildings, but also parks, recreation areas, etc.

In the agricultural area instituting more agricultural acreage through
irrigation will initially increase the habitat diversity. This means that the

_degradation of the landscape will be decreased initially. However, with
increasing acreage in agriculture, the diversity will drop because the previous
areég will bé replaced by an area with large stands of uniform crops which
support basically the same kinds of wildlife. The smaller plots with the
larger diversity would have a tendency to have larger diversity of types of
agriculture which also would increase the habitat diversity.

In the range area the initial increase in the size of the range would
result in more intensive grazing and poorer management practices which would
tend to decrease the diversity from open range situation. However, as
conservation practices, such as pond formation and fencing increase with the
increase in acreage and larger landholdings, the diversity would increase.

Utilization of renewable resources. By renewable resources we mean
scenery, cultural milieu {especially in the city), sunlight, water (where it
is renewable}, etc. The following three figures show the effect of the
percentage of the renewable resource which is utilized with respect to the

total amount of renewable resource which could be utilized without destroying



=134~
the renewability of the resource, as a function of the amount of acreage put

to the various land uses.

Urban Percent
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Fig. 6.6tl7. Percent utilization of renewable resources in urban area vs.
; urban population.
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Fig. 6.6.18. Percent utilization of renewable agricultural resources vs.
agricultural area.
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Fig. 6.6.19. Percent utilization of range renewable resources vs. range

area.

In the‘city the major renewable resources are the cultural facilities.
A city of under 50,000 is assumed to have little in the way of cultural
facilities; and therefore, the percentage use of utilizable resources is simply
zero, In cities in the 50,000 to 100,000 population range, the percentage of
renewable resources utilized goes up to about 10%. That is, we feel that
cultural facilities such as museums which are in these areas are not heavily
used.,

In the agricultural areas the utilization per acre of sunlight, which
is the major renewable resource, and of water, which is also considered a
partially renewable resource, generally increase with increased amounts of
acreage in agriculture. The reason for this is that fertilizer treatments
increase with larger landholdings {which are assumed to occur with increased

agricultural use), and fertilizer treatments result in larger crop yields
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and more efficient utilization of sun and water energy. With very large
land-holdings, because of the intensity of management, there is a tendency for
long-range soil deterioration which results in a percentage use of the
renewable resources greater than 100%.

In the range area the major renewable resources are the forage crops
which grow generaltly unaided by fertilizer or extra water treatment. There
is an initial rise in usage above 100% with increased acreage because the
extreme intensity of the management and the large number of cattle that are
generally grazing on the plots result in over-utilization of the resource.
This impiies that the resource now 1s nof as renewable as it was before (see
the value standardization curve). With increased acreage and increased size
of Iandhoiding;, cdpservation practices and less intense grazing result in
a very H[gh utilization of the resource compared with what is feasible.

Since the.range is so large, it can be managed experimentally until a
management combination is reached which results in extremely efficient
utilization of the renewable resources. We thus hypothesize that as the entire
acreage goes to range, the percent utilization of the renewable resource goes
to 100%.

Percentage use of nonrenewable resources. By percentage of non-
renewable resources we refer to the resources such as oil, gas, and water
which are not renewable. We look at the percentage of the remaining resources
used per year on the average over the time period at which we are looking.

As an example of what utilization of nonrenewable resources means, a 3%
annual utilization of resources will result in 50% depletion of the resource

stock in less than 22 years.
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Fig. 6.6.20. Percent annual utilization of nonrenewable resources vs.
urban population.

_ .Since-mo;t of the nonrenewable resources are not directly connected with
a particular land use in that they may occur in any one of the land-use
regions and since the majority of the nonrenewable resources are concerned
with the large population density areas, we are loocking at the use of
nonrenewable resources for the entire region and are considering the
population density in the urban area as a measure of the nonrenewable
resource demand. We see that as population density grows from a population
of about 5,000 to a population of 100,000 the annual consumption of
nonrenewable resources increases from about ,5% to 3%. Of course, this
trend cannot continue because in the long run the nonrenewable resource would
soon be depleted in the large urban demand areas. Also, this curve is some-
what unrealistic because the nonrenewable resources may well not come from
the area in which the urban density that we are talking about exists, but
would come from other areas and be paid for with money, which is also

potentially a nonrenewable resource.
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Man-initiated energy consumption, We defined man-initiated energy
consumption as the ratio of the energy utilized by man through fossil fuels

to the energy utilized from the sun.

The curves below show our hypothesis on how this ratio would change with

land-use allocation.
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Fig. 6.6.21. Agriculture area man-initiated energy index vs. irrigated
area.
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Fig.‘6.6.22. Range area man-initiated energy index vs. range area.

In the urban areas where almost the entire energy consumption depends
on fossil fuels for machinery, heat, electricity, etc., the ratio is
assumed to be arbitrarily 1000. The only sun utilization that we can
imagine in the urban area is for grass growing and solar energy for heating.

In the rural agricultural areas the fossil fuel inputs are mainly
through fertilizers and machinery. The use of fertilizer greatly increases
the efficiency of the utilization of the sun's energy. However, a great deal
of e-ergy is also spent using fossil fuels for machinery to keep pests away
and to mechanize the planting and harvesting processes. Therefore, with
increased agricultural intensity resulting from increased area in agri-
culture, the ratio of man-initiated energy to sun-utilized energy increases

due to the increased use of mechanical devices over human labor. Notice that
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the ratio is still less than 1, which indeed shows us that our agricultural
areas are giving us the ability to support the large imbalance of fossil fuel
to sunlight ratios in the city. Also, this curve points out the fallacy in
thinking that we actually get something for nothing when we mechanize because
the actual input in terms of fossil fuels that is put into the increased crop
yield is actually greater than the increase in crop yield that we receive from
an energy standpoint (the ratio goes from A4 to .6 with increased mechanization
which implies less energy efficiency).

In the range area where very little s done in the way of fertilizer
or water treatments to the grasses, the energy consumption from fossil
fuels is very low. However, we hypothesize that with increased size of the
range, the more intensive conservation practices are done at the expense of
1argerffossil“fﬁei input from human elements (for example, jeeps, fence post
holes, éeeding for hay, etc.), raising the ratio of human to sunlight energy
input utiiized.

6.6.3 Political variables. In considering the effects of land-allocation
decisions upon the five political variables, we have decided to treat the
region as a whole with the major political decisions and political results
emanating from the county seat (Riverton). The feeling is that the implications
for political variables in the urban area will affect the political situation
throughout the whole region.

Also, it was felt that the land allocation itself would not be a good
measure of political variables. Therefore, a more direct measure was sought.
Social differentiation, defined as the number of different job categories
available, was chosen as a measure of the political variables. Notice that

this variable itselif is a function of the land-allocation system; and
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therefore, indirectly the political variables are all influenced by land
allocation.

Scope of government services.

10
Scope of
Government
Services

3—

L] I ] L]
50 500 5,000 10,000
Social Differentiation (number job categories)

Fig. 6.6.23. Scope of regional government services vs. soclal
differentiation.

As social differentiation in the urban area increases, the scope of
government services is assumed to increase from 3 to 10. This means a move
from the basic facilities, of police, education, and highways to the initial
addition of sewage, fire protection, and parks and recreation facilities, and
finally to the fringe benefits of welfare, hospitals, and library systems.

In our problem social differentiation is never assumed to increase greatly

enough to add such services as museums operated on a public basis.
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Uses of government services.
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Fig. 6.6.24. Regional uses of government services vs. social differentiation.

As the social differentiation increases, the percent of the population
using the government services is assumed to increase from about 40 to 70%.
The reasoning here is that increased social differentiation generally results
in a larger scope of government services along with more information about
the government services available. This results in a larger use of the
government services, both by the professionals that make the social
differentiation larger and by the original local people who benefit from

the better educational system resulting from the higher social differentiation.
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pPolitical participation.
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Fig. 6.6.25. Regional political participation vs. social differentiation.

Political participation in areas of small social differentiation generally

is low. We have assumed that it is in the range of 30 to 40%. As the social

differentiation increases, the political participation in terms of the per-

centage of the population voting starts to increase quite rapidly, until it

levels off at about 60% participation, which is about the highest participation

to be expected in any regional election.
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Property tax base.
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Fig. 6.6.26. Property tax base vs. social differentiation.

As social differentiation increases, there is a rapid increase in
properfy tax rate from an initial value of $1000 per capita in low social
differentiation areas, eventually leveling off at around $3000 in areas of
high sociél differentiation. The reasoning here is that the social differ-
entiation, a mix of the types of occupation, is correlated with the agés of
the people and their professions, Higher social differentiation gives a
greater likelihood of professionals and skilled workers who are more likely
to build more expensive homes than unskilled workers. Also, there is an
attraction of industry to the area which further increases the property
tax base.

Notice that the curves for uses of government services, scope of
government services, and property tax base are quite similar in form, This

i{s because the reasoning that we have used to show how social differentiation
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affects each of these factors is quite similar and the increases in each of
these factors is quite similar as well., However, they are quite separate
variables and can be easily distinguished by the value standardization
curves which have been drawn in Section 6.3.

Political power advantage.
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Fig. 6.6.27. Political power advantage vs. social differentiation.

The political power advantage increases with increased social differentiation.
As the number of jobs in the area increase, the number of types of people
increases and the traditional elite have a tendency to be replaced by the
competitive elite. However, these changes are very slow as pointed out by
the very small slope of the curve., It takes extremely high social differentia-
tion (1ikely much higher than we will experience for the Riverton area} to
change the traditional power elite to a majority of competitive elite in the

20-year period or so to which we are referring in our planning problem,
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6.6.4 Sociocultural variables. |In this section we will consider the
effects of land allocation upon the sociological variables. Due to the unique
nature of some of these variables the curves are of a tentative and hypothetical
nature. Criticism and resultant improvement of these curves is desired.

Population density. The following three curves show our hypothesis on
projected population change with land allocation in urban, agricultural, and

rangeland uses.

100,000 -
Urban
Population
Size
10,000 T
I 1
0 .05 "
al
A

Fig. 6.6.28. Urban population size vs., urban area.
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A

Fig. 6.6.29. Agricultural area population density vs. irrigated acreage.

Range Population
Density (number/mile?)

50 -

0 T ——
20 +

Fig. 6.6.30. Range area population density vs. range area.
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On the urban areas increasing urban land use will greatly increase
the pepulation from 10,000 at .05 of the total area, A, in urban land to
100,000 with .4 of area A in urban land.

In the agricultural sector densities are low. Initially irrigatieon
will increase densities, but with increasing acreage densities will drop

as the land goes to larger farms.

The range area is similar to the agricultural area, except the curve i

flatter and the populations more sparse.

Soetal differentiation.

20,000

Urban Social 10,000
Differentiation
(pumber job

categories) 5,000 7
2,000 =
1,000 -
T T T R
5,000 10,000 50,000 100,000

Urban Population

Fig. 6.6.31. Urban social differentiation vs. urban population.



-149-

500 -

Agricultural
Social Differentiation
(number job categories) 3007

100_ "f—’fﬂ——ﬂﬂ——__-___———-h—hﬁh““

005 A oil'

Fig. 6.6.32. Agricultural social differentiation vs. irrigated area.

Range Area Social
Differentiation 200 4

100

Fig. 6.6.33. Range area social differentiation vs. range area.

The three curves above suggest how social differentiation is affected
by land allocation. Social differentiation refers to how many different
types of job possibilities exist in the area as a measure of the potential

job-interchangeability of the area and the production diversity of the area.
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In the urban area population was considered a better indicator of
social differentiation than area in urban land. As population rises,
social differentiation increases with larger percentage increases occurring
with higher populations.

In the agriculture and range areas increased area initially increases
social differentiation as specialists come into the area to handle expanding
land-use problems, The consolidation of farms results in fewer jobs in the
agricultural area and a stabilization of job numbers in the range area.

Cultural heterogeneity.

4o 4

Urban Area
Cultural 30
Heterogeneity

tass culturation begins to take effect

.20 A
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T I I i !
5,000 10,000 50,000 ° 100,000 1,000,000

Urban Population

Fig. 6.6.34. Urban area cultural heterogeneity vs. urban population.

As the city grows, persons with different ways of life come in and the

urban area becomes pluralistic. The interaction tends to produce homogeneity
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{(similar tastes, shared views, mutual outlooks)., As mass media develops this
process continues (McDonald 1964). However, in the post-industrial world,
neo-Gemeinschaft occurs: a myriad of microcommunities each with sufficient
resources to support widely varying life styles. Neo-Gemeinschaft is a

term referring to the ''retribalization' of society into small primary groups
each with a unique ethos, but one incorporating that advanced technology which
permits human dimensions of experience. MNeo-Gemeinschaft stands in contrast
to '"Gesellschaft,'" wherein human capacities are organized by mere technical
considerations (the plastic world of middle-class America), as well as in

contrast to the anti-technology stance of old Gemeinschaft {from Young 1971).

Agricultural

Area Cultural

Heterogeneity

(number of life
20

style systems)

Ay

At

A

Fig. 6.6.35. Agricultural area cultural heterogeneity vs. irrigated area.

In the agricultural area there are a great number of life styles based

upon previous ethnic, class, age, and occupational differentiations.
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Interaction wipes out many of these (language, world view, skill, income),

but technology coming with larger farms permits the trend to be reversed

to greater heterogeneity.

Rangeland
Cultural 20
Heterogeneity
(number of
1ife styles)
10 7

A

A

Fig. 6.6.36. Rangeland cultural heterogeneity vs. range area.

As rangeland increases initially, the smaller holdings which depend
largely on manual labor are replaced by larger holdings which are more
dependent upon machines. This results in the influx of a group of personnel
who know how to both fix and operate machines, thereby, initially increasing
the cultural hetercgeneity in the range area.

As rangeland increase continues, living units consolidate, power

accumulates to large ranches, and persons with different life styles are
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defined as anathema. There is limited dependency upon outsiders, and life

style becomes homogeneous.

Soeial peychological-solidarity.

H
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Fig. 6.6.37. Solidarity vs. social differentiation.

As social differentiation increases, solidarity decreases., As social
differentiation Tncreases, fragmentation of community occurs, human intimacy
declines, and contact is brief and faceless. Corporations gain power--the
individual is an impotent atom confronted by schools, businesses, churches,
and military bureaucracies having a virtual monopoly on mass media and the

arts of management, persuasion, and illusion. The citizen lives comfortably
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but with little real choice or challenge. This scenario is not necessary,
but typical given existing political and economic parameters,

Information advantage.

Urban
Information

Advantage 1/54
0 —////’—
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Y Sl D Shee e EEp SN SV NS Y Sl

1
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Fig. 6.6.38. Urban information advantage vs. urban population with increésed
population. ’

Here the.information needs increase in an exponential fashion. Since
such use overtaxes existing information systems vital to the system, new
sources and forms of information flow are required. For example, extensive
agriculture has different information needs from intensive horticulture.
Urbanization, if it approaches very large urban populations, would require
the conversion from extensive to intensive horticulture if not to food

synthesis. Information half-1ife needs drop to hours at times. Media
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frequently grow to meet the expanding needs except in very large conglomerates

where overcomplexity breeds information oﬁer]oad.éf

Agricultural
Area Information

Adventage 0 \_/

-1/3 4

.05 A

7l

Fig. 6.6.39. Agricultural area information advantage vs. irrigated area.

As land in agriculture grows, farms get larger and newer management
procedures are needed to compete. The larger farmers are better able to keep
up with information needs than smaller farmers. Information needs shorten
half-1ife to about one month {during summer months), and only larger farms can

really be informed enough to keep up. With small farms and little agriculture,

5/

2/ This discussion of informational half-life and the concept of information
gap is entirely original in this report and is the joint product of T. R.
Young and Gordon Swartzman.
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information needs are much lower and the gap is negligible. Thus, the curve

shows a dip as increased agricultural land results in a mix of small and

large farms,

B B
Range Area
Information
Gap +1/6 _
0 -
-1/6 4
-1 )
0 1
]
A

Fig. 6.6.40. Range area information gap vs. range area.

As the amount of land used increases there is need for more and faster
information about quality and quantity of herd and range conditions in order
to best match each set of conditions for competition with other ranchers.
Half-1ife needs go from six months to two years. Most ranchers can keep up
with this, but some cannot. Therefore, the information gap increases with
increased acreage (information advantage is reduced). Further increase in

rangeland results in consolidation of ranches and a new information steady

state since only the better informed ranchers can grow,
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7. CONCLUSIONS

From this report it seems apparent that optimization techniques have
wide application in natural resource management and that they have already
been applied to many problems in this area. Furthermore, it will be
necessary to use an interdisciplinary approach in applying these techniques
in larger-scale problems as coordinated decisions become necessary in the
complex and little understood areas of regional and governmental planning
and regulation. These call for decisions combining the data and thinking
of ecologists, economists, political scientists, sociologists, etc. We
will have to reckon with the necessity of intermeshing interaction of these
areas and with the lack of '"‘practice' in having people from these areas
working together. Furthermore, optimization techniques, by providing a
framework which is not too closely bound to any of the disciplines when
social scientists combine with biclogical scientists in a interdisciplinary
approach, could provide a common language of communication for people of
varying disciplines. This would be especially efficacious if combined
with a diagram or flow chart of the system which could be used as an
intermediary to go from the word models of the experts in each
of the disciplines to an overall quantified systems model which could then
be utilized in decision making using optimization techniques.

The potential application of these techniques to large-scale planning
decisions will expand as computer sizes grow and as funding becomes available
for interdisciplinary ''core’' groups to come together in handling such
problems. There will also be a great need for the planner and the analyst
to work hand~in-hand so that both the planner's objectives and his under~

standing of the system can be implemented in the optimization model.
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From the ''Riverton' problem we have learned that a lot of input is still
needed from the value standardization area before meaningful decisions can
be made using operations research techniques, This again will have to bring
the large bank of data and thinking about value scale systems together which
have heretofore been scattered amongst separate disciplines.

The Riverton problem represents an initial attempt at utilizing
optimization techniques to the planning of land allocation systems which
involves interaction between social scientists and biological scientists
as well as other experts such as environmental lawyers, etc. Although it
does represent the combined effort of a group of experts in their related
fields, it is still missing a great deal in getting at the total picture
in land allocation planning decisions., For example, one indicator of
quality of life which is definitely missing in the problem, as it is
presented in this paper, is an index of the health of the community. This
would be influenced by such variables as population density and pollution
index and might be measured by the incidence of infectious diseases or
the average life span of a community member. The term quality of life
has been the measure in the objective function of that problem. An index
of quality of life has been discussed a great deal in recent months and
a discussion of this will be part of the AAAS National meeting in Philadelphia
in 1971. Some of the ideas in this paper for quality of life indicators are
unique and perhaps merit some consideration, It is the hope of the author
and other ceontributors to this report that the part of the report dealing
with quality of life indicators gets an interaction and criticism from the
scientific community so that our ideas on the subject can be updated and our

measures improved.
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We can discuss two distinguishable major categories for classifying
optimization techniques. They are the decision-making techniques, like
nonlinear programming and game theory, and the implementing techniques,
such as PERT, queueing theory, and gaming, The first type aid us in making
decisions about how to operate and change systems subject to physical
realities and desires of the public. The others are "efficiency' techniques.
They enable us to accomplish a task in "optimal'' fashion once the needs of
the task have been specified and it has been decided to do the task. There
are places where this distinction breaks down on a particular technigue;
e.g., dynamic programming can be an implementing technique, and queueing
theory can be a decision-making technique.

Operational and simulation gaming will also play a major role both in
the training of public servants to handle systems with which they have not
previously studied or had contact and in comparing new management
alternatives with existing decision-making techniques. In this fashion
games act as a kind of sensitivity analysis In trying new management
procedures, that is, the sensitivity of the system to new management
procedures.

It is important not to overrate the power of operations research
techniques in management decision making. Although these techniques offer
an extremely precise solution algorithm, the precision of the technique
frequently greatly outstrips the accuracy both in formulation of the goals
of the manager in the objective function, especially in the area of the
values of ordinarily non-quantifiable quantities (as ecological quality) and

in the parameters of the system. |t is also to be mentioned that as realism
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is increased (e.g., as the optimization generally changes from a linear

programming to a nonlinear programming framework), the feasibility of finding

a solution using a mathematical algorithm is reduced. In fact, in many

ncnlinear programming problems no solution may even exist.

In conclusion, it might be said that the use of operations research

technigues in resource management and decision making will be more or less

effective in helping the public make decisions about their future systems

depending upon the following criteria:

i.

1%,

i1,

v,

the ability to collect information and integrate this information
about the system into an optimization model,

the ingenuity of the analyst in interpreting the results that

come from the solution to the coptimization problem and in
conducting a sensitivity analysis on this solution,

how frequently and how well the results are reevaluated after the
decisfons have been made tc see hqw the decisions have changed the
model of the system,

whether there exist similar problems in which decisions have been
made so that comparison of the optimal decision with previous
decisions (that have been made on similar systems) is available,
and

how much interaction can be obtained from the scientific

community in the form of constructive criticism so that the
implementation of the techniques in large-scale "interdisciplinary"
planning problems can be made more relevant to the problems at

hand.
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