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Foresters in the Pacific Northwest are directing increasing effort

into the management of young-growth forests. These foresters find them-

selves in a transition period in which they are beginning to develop the

framework for managing young-growth forests while they continue to man-

age substantial reserves of old-growth timber. In this transition period,

foresters have an excellent opportunity to experiment with alternative

silvicultural practices and management systems.

In order to help foresters cope with newly emerging problems of

young-growth forest management, this study was designed for the purpose

of developing and analyzing new methods of forest management planning,

especially as applied to problems involved with planning thinning pro-

grams. In this study, these new methods of planning are based upon

economic criteria and mathematical programming. it is desired to find

out what difficulties are involved with applying these methods to a

practical forest management situation and what benefits, if any, can be

expected from their use.

The planning problem assumed for this study involves a situation

in which a manager must plan an annual thinning program involving the



choice of a particular set of thinning opportunities from a larger

available set. Complicating his choice are vague, often conflicting,

administrative guidelines which place limitations on the conduct of

field operations.

The planning problem is formulated and solutions are obtained in

terms of both linear and 0-1 integer progralwiiing. The two new planning

systems are applied to a case study area in western Oregon where they

are compared to current rule-of-thumb methods as well as being compared

to each other.

The linear programming approach (value type approach) incorporates

a classification system which identifies thinning opportunities on the

basis of variables thought to influence the value of these opportunities.

The solution to the Linear program gives the number of acres of each

type that should be thinned. Thinning opportunities are evaluated on

the basis of their contribution to present net worth.

The 0-1 integer programming approach (unit approach) views thinning

opportunities as specific thinning harvest units. Each unit has definite

boundaries, a specific geographical location, and is treated as a unit.

The solution to the 0-1 integer program indicates which units shouldbe

thinned. Units are subject to a yes-no decision. A present net worth

value is calculated for each unit based on the expected results of

thinning.

Results indicate that both systems have something different to

contribute to planning. Linear programming has limited usefulness for

planning thinning programs involving the specific location of harvesting



units. Because of the lack of a definite tie to the ground, several

alternatives and constraints cannot be adequately formulated, result-

ing in thinning programs that are not truly optimal. The value of the

line3r programming system seems to lie in more general problems, such

as how thinning should be done with respect to certain key variables,

such as age.

Zero-one integer programming is quite useful for planning thinning

programs when the location of specific harvesting units is involved.

Solutions to this approach are quite definite as to where thinning

should take place. Also, constraints related to specific locations

are quite easy to formulate. However, in regard to more general prob-

lems, not specifically involving units, the 0-1 integer approach is of

limited usefulness due to the large number of constraints imposed arti-

ficially by the units themselves.

In addition to providing optimal thinning programs, the two

systems provide an organization and documentation of information lacking

in current rule-of-thumb methods. Moreover, they provide the means

of rapidly obtaining optimal solutions under a wide range of possible

assumptions leading to an enlarged potential for rational planning and

increased returns.
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DEVELOPING OPTIMAL PROGRAMS FOR ThINNING

YOUNG-GROWTH DOUGLAS-FIR STANDS

I. INTRODUCTION

The emergence of young-growth timber as an important component of

the Douglas-fir region's forest resource base is bringing about funda-

mental changes in the basis and procedures for forest management

decisionmaking. The growing importance of young-growth forests opens

up a gamut of problems not before encountered in the management of old-

growth stands. Young-growth problems related to choice, intensity,

and timing of silvicultural treatments, evaluation of investments, data

needs, and planning of operations differ significantly from the same

problems viewed in an old-growth context. Since these are new problems,

the managerial expertise and scientific knowledge needed to efficiently

solve these problems are often not well developed. Moreover, young-

growth managers are often expected to plan forestry programs and allo-

cate funds on the basis of meager data and intuitive economic guide-

lines. Problem solving is not helped either by the fact that young-

growth planning is often done in the context of an on-going old-growth

program. This may result in old-growth decisionmaking guidelines

inadvertently influencing young-growth decisions.

One of the problem areas that has received considerable attention

to date and will doubtless continue to receive attention is thinning.

The application of thinning is relatively new in the management of

Douglas-fir, but it is becoming a fairly common practice in certain

localities.
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The benefits from thinning are widely recognized among foresters;

however, it is also true that these benefits as well as benefits from

alternative investments and programs are seldom quantified or analyzed

by methods employing investment criteria. Yet the manager of a young-

growth forest does face complex investment decisions. In selecting

stands for thinning, the forest manager must choose from many thinning

opportunities, all of which differ in some way in their value-producing

characteristics. Without some systematic method of evaluating and

selecting opportunities, the manager may be hard pressed to rational-

ize, on economic grounds, his selection of a given mix of stands for

thinning. Evaluations and selections which are made are intuitive or

by "rule of thumb" which may occasionally approach the economic optimum,

but which at the same time are usually too vague to be applied consist-

ently by different people at different times.

In order to help foresters cope with problems related to thinning

young-growth timber, this study was designed to develop and test

methods of thinning program selection and planning thatare based upon

economic guidelines and the systematic procedures found in mathematical

programming. This study will emphasize the development of methods

appropriate to the planning of annual thinning programs rather than

long-run thinning schedules. The state of information and technology

concerning young-growth timber management in the Douglas-fir region

gives us only the vaguest picture of the future form management will

take. Current short-run planning procedures for young-growth management

seem tenuous enough to hold promise of substantial improvement through

the development of economic guidelines and systematic planning procedures.



Problem Statement

A manager who has the task of planning an annual thinning program

will encounter some if not all of the following questions:

What stands (opportunities) should be selected for thinning? On

what criteria will this decision be based?

Does the program and criteria selected best serve the objectives

of the organization?

In terms of economic criteria is the current selection optimum?

If not, how can it be improved?

In terms of economic criteria, what is the contribution to value

of thinning in a given stand? How do stands rank in their con-

tribution to value of thinning?

How do previously thinned stands, now eligible for reentry, rank

relative to unthinned stands for inclusion in the thinning program?

If economic criteria are used to select the thinning program, what

factors will prevent the highest economic value from being realized?

What do these constraints2! cost in terms of unrealized values?

Given operational constraints, what will be the optimum selection

of thinning opportunities? By what method is this selection made?

How does it compare with results from rule-of-thumb procedures?

What will be the effect on the optimum program of a change in

thinning intensity, level of funding, interest rate, etc.?

3

Constraints are those factors that must be considered in plan-
fling programs. Allowable cuts, budget limits, manpower availability,
and multiple use considerations are examples of factors that may con-
strain thinning programs.



The questions above are corollaries to the central problem of deciding

what thinning opportunities should be exploited in a given year. The

solution to this problem is relatively simple where access to stands

is not well developed and only a few stands are available for thinning.

On the other hand, the solution can be very complex in cases where

access is well developed and the manager has many stands to choose from

in fulfilling his prescribed thinning program. In the simple case the

managert s main problem may be one of finding sufficient volume to ful-

fill his assigned thinning programs. The questions outlined above will

be trivial since he has little choice. In the complex case the manager

must choose relatively few stands from many available. He can no longer

afford to be indifferent to the above questions. The range of alterna-

tives available to him will differ in their impacts on present and

future returns. How he makes his selection, the criteria he uses, and

the stands he selects will now make a difference, perhaps a big differ-

ence, to the organization of which he is a part.

If a thinning program has been in progress several years, reentry

problems will further complicate the problem. That is, stands which

have been previously thinned will be eligible for another thinning and

will thus add to the number of opportunities available.

Where a manager is faced with the problem of choosing from among

numerous thinning opportunities, he may fall back on certain rules of

thumb. These rules of thumb may indicate, for example, that oldest

stands should be thinned first or perhaps that top priority should be

assigned to those stands with the largest average diameter. While

rules of thumb are often based on variables that strongly influence
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the value of a given thinning opportunity, the nature of this influence

is seldom made explicit. The manager in using rules of thumb may feel

intuitively or perhaps hopefully that his choice of a thinning program

satisfactorily considers economic factors, but intuition is a poor

substitute for quantification of factors influencing value and system-

atic methods of selection. But what is the value of quantifying

economic factors and systematizing the selection process? What bene-

fits might we expect from such procedures?

One benefit might be derived from a more precise definition of

the manager's thinning opportunities. This would entail classifying

alternatives and gathering information regarding their pertinent

characteristics. The manager then would have a clearer picture of the

managerial situation he raced.

Another benefit might be gained from determining the economic con-

tribution of thinning in a given opportunity. With such a value calcu-

lated for each stand, the manager could rank stands according to their

contribution to value and thus he would have a much better indication

of where thinning efforts should be placed from an economic point of

view. Of course, where thinnings should take place and where thinnings

can take place may differ greatly from the point of view of a manager

who must be concerned with many other factors than just the optimal

pattern of thinnings. Realistic consideration of the various opera-

tional, multiple use, market, and political constraints may force

optimal thinning programs to differ significantly in value and location

from programs based on simple value rankings.
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Complex problems involving many alternatives, quantified variables,

and managerial constraints can be systematized and solved optimally.

One of the benefits of such optimization procedures might be that they

would show managers the best selection from a set of alternatives

given certain other conditions. This selection could either be used

as the thinning plan or be used as a stai-idard against which actual

plans could be compared and rationalized.

Finally, while the determination of an optimal thinning program

might provide management with valuable information, the system or pro-

cedures used to solve this scheduling problem might also help solve

corollary problems associated with the tasks of selecting and planning

thinning programs. For example, knowledge could be obtained on the

total dollar value of benefits accruing to the thinning schedule chosen.

Furthermore, using mathematical programming techniques, managers could

determine the costtV in terms of economic value lost, of manpower and

budget limitations, the need to cater to certain market areas, limita-

dons on sale size, and other constraints. Information could also be

obtained about such problems as changes in value of a given program or

changes in the optimi schedule resulting from varying (1) levels of

thinning intensity, (2) stumpage prices, or (3) interest rates.

The preceding problem statement which discusses the basic concern

of this study can be summed up in the following question: What are

the size and nature of benefits that can be expected from applying

economic analysis and systematic analytical procedures to the problem

of evaluating, selecting, and planning optimal thinning programs in

young-growth Douglas-fir?



Obj ectives

The general objective of this study is to develop and test

procedures of economic analysis and of program selection for appli-

cation in the development of optimal thinning programs and for

solution of associated planning problems.

In addition to the general objective are the following specific

objectives.

To develop methods for determining the economic value from

thinning a given stand.

To develop methods for the selection of optimal thinning programs

which recognize operational constraints.

To demonstrate how methods developed can be used in planning and

analyzing thinning programs, how changing conditions affect

optimal programs, what data are most relevant in the development

of optimal programs, and how mathematical programming techniques

compare with rule-of-thumb procedures for evaluating thinning

opportunities.

Methods of Study

Two major methods are employed in fulfilling the objectives of

the study. One method is termed the "value type approach" while the

other is termed the "unit approach." These two methods are developed

as alternative means of approaching the problem of evaluating,

selecting, and planning thinning programs.

7
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Figure 1. The Value Type Approach. The forest is divided
into types (xi) based on variables influencing
value. The program solution will indicate how
many acres of each type should be thinned.

Value type alternatives are evaluated on the basis of contribution

to present net worth of thinning in a given value type. Account is

taken of both current returns and discounted future returns in

8

Value Type Approach

The value type approach (see Figure 1) uses a classification

system whereby the forest is divided into thinnable types based on

variables thought to influence the value of thinning that type. For

example, depending upon information available, thinnable types might be

classified by species, age, size class, site index, topography, acces-

sibility, etc. Thinnable types are expressed as differing combinations

of these variables. A value type is a thinnable type that has been

evaluated by some economic criteria with the influence of the

variables, making up that type, taken into account.
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developing a per acre present-net-worth coefficient for each type.

The coefficients are used in a linear prograltuiling formulation

whose objective is the maximization of present net worth of the annual

thinning program. The solution vector of the linear program is stated

in terms of acres of each type that should be thinned. Account is

made of the various constraints that apply to this approach and those

that are appropriate are incorporated into the model.

Finally, shadow prices can be derived and sensitivity tests made

to solve problems corollary to the central problem of selecting the

optimal program.

A standard linear programming algorithm is used to obtain optimal

solutions and to solve related problems. A special computer program

was developed to generatr' present net worth coefficients for use in

the objective function of the linear program. The program was designed

to generate coefficients given a wide range of possible assumptions.

Unit Approach

The unit approach (see Figure 2) conceives of an opportunity as a

thinning harvest unit, composed of a variable number of acres, that

will either be thinned in its entirety or not thinned at all. The size

and location of units depends on administrative and logging require-

ments.

Evaluation of units is based upon the value type approach. mdi-

vidual units are evaluated on the basis of the value types present

within unit boundaries. When more than one value type is present,

each value type coefficient is weighted by its number of acres. The

weighted sum of value type coefficients produces the unit coefficient.



Unit 4 (X4)
60 acres

1 /
/ Unitl(x1)
/ 80 acres//_

;

/ Unit2()
1 / 100 acres

Unit 3 (xc)
)
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Figure 2. The Unit Approach. Forest types eligible
for thinning are divided into identifiable
thinning units (xi). Units are identified
with code numbers. Program solutions will
indicate which units should be thinned.

The unit coefficients are used in a 0-1 integer programming formu-

lation where the objective again is the niaximization of present net

worth. However, the solution vector of the 0-1 integer program is

stated in terms of the units that will be thinned and not in acres,

as in the value type approach. With respect to a particular unit

the 0-1 integer program gives an all or nothing answer. Either the

entire unit will be thinned or none of it will be thinned.

As in the value type approach, account is made of relevant con-

straints and those that are deemed appropriate are used in the unit

approach. Sensitivity analysis is conducted to determine the impacts

of changing constraint requirements and changing assumptions; however,

shadow prices cannot be derived using the 0-1 integer programming

algorithm.

10
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An established 0-1 integer progratiuuing algorithm is used to obtain

optimal solutions and to conduct sensitivity analyses. The procedure

for generating unit coefficients was automated and incorporated into

the same computer program used to generate value type coefficients.

Scope and Study Area

The study objectives were carried out in cooperation with the

Bureau of Land Management's Tillamook Intensive Young-Growth Management

Project (henceforth referred to as the Tillamook project or simply as

the project). The Tillamook project is an administrative subunit of

the BIM's Salem district. The project area contains 51,871 acres of

young-growth forests which, aside from usual administrative functions,

is to be managed for the purpose of field testing and evaluating the

feasibility of various land management methods applicable to young-

growth forests of the Douglas-fir subregion of western Oregon.

Thinning operations have been under way for several years. Con-

siderable experience has already been obtained in thinning young-growth

Douglas-fir. The road system has reached a stage of development where

problems of selecting optimal thinning programs are becoming apparent.

At present there is no systematic procedure for selecting annual

thinning programs which incorporates economic criteria.

It is assumed throughout this study that aside from what he can

learn from using economic analysis and mathematical programming, the

analyst has no more documented information available to him than do

Tillamook project foresters. If the project foresters must work with

incomplete data and crude estimates, then so must the analyst.
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It is assumed that road building expenses are fixed costs and are

not used to evaluate and compare individual thinning alternatives.

This is done to avoid the decision of imputing road costs to particular

projects. Road systems are often laid out in a general program designed

to service a wide area. It is easier to treat such costs as an overhead

cost of a tiinber program than to try to impute these costs to each

harvesting operation.

To avoid violation of the linearity assumption in the linear pro-

gramming solution, it is assumed that thinning acreages indicated by

the solution vector will be sold in units of sufficient size to assure

constant returns to scale. This can be done even in the case of a

small acreage of a particular type by including this type as part of a

larger sale.

Finally, it is assumed that units (1n the unit approach) are

formed for a short-run planning period only. A particular unit may

tend to receive the same silvicultural treatment in the future, but

the formulation of this study does not require it. Units are often

composed of value types representing different age classes. These age

classes are thinned together for convenience, but in the future they

may be clearcut at different times.



II. ANALYSIS OF THE PROBLEM

Planning Young-Growth Forest Mar ement Operations

Planning in Forestry

Forest managers, in collilhion with decisionmakers in other fields,

are charged with allocating scarce resources among competing alterna-

tives. In trying to optimize the organization's objectives, forest

managers encounter many conditions which complicate and constrain the

decisionmaking process. The skill used by the manager in reconciling

these conflicting conditions will to a large degree determine his own

personal success.

Because of the long-run nature of many forestry investments,

foresters commonly develop management plans Lo 1ssist them in seeking

the organization's objectives. Plans, of course, imply a planning

process. Planning may at first be intuitive, but as the size and com-

plexity of the decisionmaking process grow, the need for documentation

of planning becomes more apparent. This need for planning in forestry

enterprise is widely recognized among foresters. Davis (1966), for

example, makes the following comment:

The necessity for both long- and short-range planning in
specific terms is best exemplified in planning for timber
production . . . . Timber crops take a long time to grow,
but like other people, foresters come and go. There is a
need for continuity and reasonable consistency in the oper-
ation of the forest that requires planning.

Davis goes on further to say:

No plan for timber production should be thought of as "set"
and immutable but, instead, as an operating base that must be

13



sufficiently flexible to meet changing conditions and yet pro-

vide a sufficient framework for forest continuity. One of the
best arguments for having a plan is that it can be changed
intelligently as need arises.

Planning and plans can take several forms. For example, Duerr

(1960) cites three levels of planning carried on by an organization.

Enterprise planning which involves decisions to invest in new
businesses or new product lines.

Organization planning which involves decisions pertaining
to organization or arrangement of the existing enterprise.

Operation planning which involves decisions pertaining to
the use of existing facilities.

The emphasis of this thesis is on operations planning which Duerr

further elaborates as:

For the woods enterprise, it covers a multitude of questions
such as the amount and timing of work upon the various manage-
ment jobs, timber and otherwise; rotation and cutting-cycle
length; choice, timing, and method of c. tural operations;
scheduling of cutting or sales; logging and short-term protec-
tion plans; road maintenance; and inventories.

As Duerr suggests, operations planning involves several important

questions. One of the questions not explicitly raised, but certainly

implied by Duerr's statement, is the problem of short-run planning.

The short run can include a period of more than one year, but in this

study, the short run will involve the allocation of resources and the

planning of activities on an annual basis.

Annual Planning

If a forest manager is planning an annual program involving the

location and intensity of various forest management activities, his

alternatives then take the form of various areas or units of forest land

and a range of prescriptions that might apply to particular locations.

14
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With respect to any given area, the manager has three choices. He can:

Do nothing.

Remove all or part of the growing stock.

Apply some treatment that will improve the yield po ntial of the

area.

In making his choices, the manager will undoubtedly employ the

elements of planning whether this is done intuitively or explicitly.

What are these elements? Duerr (1960) suggests seven steps in the

planning process. These steps are listed below in a somewhat modified

form.

Identify objectives.

Identify questions to be considered.

Identify pertinent alternatives.

Collect input-output data for each alternative.

Evaluate alternatives.

Compare alternatives and choose a plan.

Evaluate and replan when necessary.

In the discussion that follows in this section, a review of the

completed plan before implementation is substituted for replanning as

the seventh step.

It shall be argued in the remainder of this section that the proc-

ess of planning and choice becomes more difficult as the forest resource

base shifts from old-growth timber to young-growth timber. The dis-

cussion will first center on the context of choice and planning under

old-growth management, then the discussion will shift to the decision

context under young-growth management, and finally a comparison of
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the two management contexts will be made.

Old-Growth Planning and Choice

In the Douglas-fir region old-growth management typically involves

protection, access development, and liquidation of timber inventory.

In evaluating a particular stand for an annual sale program, the usual

managerial question is, should it be cletrcut or not? There are, of

course, considerations of salvage which may involve partial cutting in

the stand. However, these can be considered as a special case of

growing stock removal as no improvement in yield potential generally

results. In general, the choice of improving yield potential of

existing stands is not important in planning old-growth prescriptions.

Let us examine Duerr's seven planning steps to see how they apply to

the old-growth situation.

Objectives. Objectives can vary widely depending upon the situa-

tion; however, profit goals and volume production goals are two

Common possibilities.

Question. The question here involves what areas should be cut in

a given year.

Alternatives. Alternatives are stands, management units, legal

subdivisions, or some other classifications of the forest which

can be identified and distinguished from other forest areas.

Data collection. When objectives are related to revenue or

volumes, recent or current data is usually available based on

sales results and timber cruises. Moreover, forecasts need not

be made more than a few years in advance and in many cases not

more than a year in advance.
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Evaluation. Although managers may want to evaluate the future

potential of clearcutting a particular site, there can be a

tendency to place more importance on immediate results. There

can be a strong bias toward showing results in the form of short

run volume production or short-run dollar returns.

Plan selection. The choice of stands to harvest may be simple if

the forest is small or access is poorly developed. However, on

larger areas where many choices are available, the selection may

be based on some criterion such as oldest stands first.

Review. The old-growth plan would probably be reviewed with a

logging engineer and a fire protection specialist. In multiple

use situations other specialists might be consulted. The plan

would probably also be reviewed by a higher authority in the

organization to assure that it was consistent with policy.

Young-Growth Planning and Choice

In the Douglas-fir region, young-growth management not only in-

cludes such old-growth management activities as protection, access

development, and timber inventory liquidat:on, but it also includes

activities such as commercial and precommercial thinning, site conver-

sion, fertilization, and reforestation. In evaluating particular stands,

foresters must not only consider whether or not to clearcut, but must

also consider the range of treatments that may be applicable to a

particular stand and the potential impacts of these treatments on the

future yield of the stand.
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The seven planning steps involve different kinds of decisions

under young-growth management than under an old-growth management

regime.

Objectives. Young-growth objectives can vary widely, but the over-

riding characteristic of intensive forestry is the role played by

time. Most of the investment treatments used in young-growth

management require considerable time be:ore returns are realized.

Question. Young-growth management problems involve questions con-

cerning the location and intensity of growing stock removal, of

treatment selection, and of treatment intensity.

Alternatives. Alternatives include identifiable forest areas,

alternative ways of treating these areas, and alternative inten-

sities of treatment.

Data collection. An. important characteristic of data needed for

young-growth management, particularly for the estimation of

response of stands to silvicultural treatment, is that this infor-

mation is at best fragmentary and at worst unavailable.

Evaluation. There is a need to have some idea what the value

response to silvicultural treatment will be. Since final results

are often years in the future, forecasts or assumptions must be

made concerning future returns and costs. Use also must be made

of interest rates, compounding, and discount techniques in order

to correctly evaluate future returns and costs.

Plan selection. The choice of a young-growth management program

may be quite complex even on a fairly small forest. The avail-

ability of even a relatively small number of stands combined with
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several alternative management treatments and different levels of

treatment intensity can lead to an enormous number of potential

combinations of management alternatives. Add to this the compli-

cations of price forecasts and discounting procedures and one can

understand why a decisionmaker may desire assistance in the form

of economic guidelines.

7. Review. Review of wide scale young-growth management activities

would require the assistance of many specialists including

engineers, silviculturists, and economists.

Comparisons of Old-Growth Vs. Youg-Growth Management

The preceding discussions on planning steps under old-growth and

young-growth management reveal that young-growth management involves

decisionmaking in a more complex setting. Not only do young-growth

managers have a wider range of choices, but they also need more infor-

mation to evaluate these choices.

A wider range of choices means that there are many more possible

combinations of managing the forest than under old-growth circumstances.

The increase in alternative combinations neans that finding the opti-

mum or near optimum combination of management alternatives is much

more difficult.

With lack of needed information, the manager is hampered in being

able to evaluate alternatives and make rational choices. Consequently,

programs are harder to justify or to rationalize. A manager may find

himself forced to fall back on traditional or intuitive guidelines

which in turn are based on old-growth experience. The use of such

guidelines may bias the manager's choice of alternatives toward those
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alternatives which promise a more immediate dollar or volume return.

This may result in the loss of excellent investment opportunities

based on potential future returns.

The context of planning in young-growth situations requires

different and more sophisticated analytical procedures than were

required for old-growth management wherereturns were more immediate.

For greater efficiency in managing young-growth forests, procedures

are needed for evaluating alternatives based on management's objectives.

Moreover, methods are required which will aid the manager in selecting

optimal programs in complex situations. In the remainder of this

chapter, the basis for developing the means for evaluating and

selecting young-growth management p'ograms is discussed for one class

of management alternatives, that of conunercial thinning.

Planning of Thinnin Operations

Characteristics of Thinning

One of the basic silvicultural practices associated with young-

growth (intensive) management is that of thinning. Through thinning,

a stand can be physically manipulated to meet certain objectives of the

owner or manager of the forest. Manipulation takes the form of removing

from the stand certain trees while leaving other trees for cutting at

later thinnings or at final harvest. A silvicultural definition of

thinning is given by Hawley and Smith (1954, page 343) as follows:

"Cuttings made in immature stands in order to stimulate the growth of

trees that remain and to increase the total yield of useful material

from the stand . .
." They go on further to state that the
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fundamental objectives of thinning are: "(1) to redistribute the growth

potential of the stand to optimum advantage and (2) to utilize all the

merchantable material produced by the stand during the rotation."

From a silvicultural concept of thinning, one can move to a divi-

sion of the activity into what are popularly knom as commercial and

precommercial thinnings. There is a great deal of confusion concerning

these terms. For example, Hawley and Smith (1954, page 405) define

precommercial thinnings as "made purely as investments in stands so

young that none of the felled trees can be utilized" while commercial

thinnings are "those in which all or part of the felled trees are con-

verted to useful products, regardless of whether their value is great

enough to defray the costs of the operation." Worthington and Staebler

(1961, page 1), however, define commercial thinning as "a thinning that

produces merchantable products that have a value equal to or greater

than the cost of extraction." Actually both commercial and precommer-

cial thinning operations are carried out with a goal of obtaining

economic rewards. The basic difference between these two methods is in

the timing of the rewards.

In this study, thinning is defined as partial cuttings in stands

under rotation age for the purpose of redistributing growth and in-

creasing physical and financial returns. The concept of commercial

thinning used in this study more closely follows the definition given

above by Hawley and Smith. This will be seen later when 30-year-old

stands are included as thinnable alternatives on the Tillamook project.

Although 30-year-old stands do contain merchantable volume, the timber is
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so small that harvest costs often exceed the value of the products

derived.

In an earlic citation, Hawley and Smith suggest two important

objectives in the use of thinning in forest management programs.

These objectives give thinning a unique character not found in other

intensive forest management practices. The objective related to the

utilization of merchantable material is involved with short-run gain,

whereas the objective related to the redistribution of growth potential

involves long-run considerations. The initial removal of trees by

thinning involves a reduction of growing stock or a partial liquida-

tion of inventory. At the same time an investrvit is made, since many

trees are left which are expected to show improved performance and

increased yields in the future. Vaux (Durr and Vaux, 1953) points out

that a stand of timber is at the same time a capital plant and a stock

of finished products. If we apply this same concept to thinning, we

see that thinning reduces the stock of products while simultaneously

it alters the capital plant so as to improve efficiency and increase

future yields.

The planning of thinning operations can be conveniently divided

into three decision categories based upon decisions involving (1) the

tree, (2) the stand, and (3) the forest. Past studies, involving

thinning operations, have tended to use one or the other of these

three categories as their major point of emphasis.
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Decisions Involving the Tree

Several studies have focused upon the tree as the unit of concern

in thinning operations. The basic question asked in these studies typi-

cally involves the timing of the cut of particular trees in the stand.

For annual thinning programs the problem involves deciding which trees

to cut and which trees are to remain in the thinned stand. The major

emphasis in studies involved with the tree has been directed toward

the development of thinning guidelines which could be applied to a

cut--no cut decision involving particular trees.

Economic studies concerning the decision involving the tree have

employed the financial maturity concept discussed by Duerr, Fedkiw,

and Guttenberg (1956), by Fedkiw and Yoho (1956), and further elabo-

rated by Duerr (1960). The financial maturity concept applied to an

individual tree compares the value growth rate of the tree with the

firm's alternative rate. If the value growth rate is less than the

alternative rate the tree is cut. If it is greater than the alterna-

tive rate the tree remains. Fedkiw and Yoho (1960) use the financial

maturity concept in determining the timing of cut of individual trees

in their development of guidelines for the thinning of even-aged

stands. Chappelle (1966) uses the concept to decide whether trees

should be cut or left in thinning of eastern white pine. Flora and

Fedkiw (1964) and Chappelle (1962) go a step further by developing

value growth rate guidelines for thinning iased on empirical data for

Douglas-fir and southern pine respectively.



24

Decisions Involving the Stand

A number of silvicultural and economic studies have focused upon

the most efficient means of thinning the stand. The major emphasis in

these studies is in determining the optimal intensity and timing of

thinning and the optimal growing stock levels. For example, Staebler

(1960) utilizes growth yield tables for Douglas-fir to develop a

thinning regime which projects the growth of a stand over a number of

years and details the timing and volumes of timber to be removed by

thinning. The model is regulated by the objective of growing trees of

a given average diameter in a given number of years. Staeblers study

addresses itself primarily to silvicultural considerations and does not

explicitly explore optimal schedules as judged by economic criteria.

Warrack (1959), in another study involving stand analysis, introduces

economic evaluation into the analysis of returns from thinning stands

by two alternative thinning regimes. However, the objective of

Warrack's study is not to optimize thinning schedules but to develop

methodology to improve prediction of thinning results.

In the Douglas-fir region, the problem of trying to determine

optimal stand thinning schedules is severely hampered by a lack of

good physical response data. In spite of this lack of data, guide-

lines have been developed based on the bct information available.

For example, foyer (1966) has developed silvicultural guidelines for

use in determining optimum thinning intensity in the Washington State

Department of Natural Resources' thinning programs. foyer defines

optimum as "the maximum thinning volume that can be removed from
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well-stocked stands without seriously reducing gross volume yield."

Harmon (1969) describes thinning guidelines, used by the U.S. Forest

Service in the Pacific Northwest, which use trees per acre and basal

area as a guide to thinning intensity. The objectives of thinning are

not clearly stated, but appear to be related to volume production.

Economic studies have also been directed toward decisions involv-

ing the stand. For example, Lundgren (1965) and Alcock (1968) use

economic criteria to compare several alteinative levels of growing

stock in red pine and Douglas-fir respectively. These studies, while

finding the best of the alternatives stated, do not find the optimal

level of growing stock from all levels possible, nor do they account

for the optimal timing or frequency of thinning.

The problem of determining optimal growing stock levels was taken

on by Chappelle and Nelson (1964). Their study employed marginal

analysis in the development of models des4;ed to estimate optimal

stocking levels and rotation ages in loblolly pine. Later, Amidon

and Akin (1968), using data from the Chappelle and Nelson study,

demonstrate the use of dynamic prograliuiling as a means for solving the

optimal level of growing stock problems.

One of the major problems with determining optimal thinning

schedules in stands is the interrelatednes of optimal growing stock

levels, thinning frequencies, and rotation ages. Chappelle (1966,

page 6) comments on this problem, as follows:

If the firm's goals are to be attained, it is necessary that
the optimal rotation for the forest stand be correctly deter-
mined. The optimal rotation can be obtained only if decisions
at the other two levels are optimal. In other words, to attain



the optimal rotation, even given perfect knowledge of future
prices and yields, it is necessary that the "right" trees be
removed in the thinnings, and that the thinnings are of optimal
intensities. Also, it is necessary that the growth period or
cutting cycle for thinnings be of optimal length and that thin-
flings begin t the optimal age. With so many margins to fit
simultaneously, the most that can be hoped for is an approxima-
tion to optimality.

This problem of simultaneous determination of optimal rotations and

thinning is also discussed by Naslund (1969).

Decisions Involving the Forest

The emphasis in studies involving the forest shifts from the stand

to a concern with manipulating large aggregates of stands. Decisions

may be required to determine the sequence of thinning of stands over a

period of years for a long-run thinning program or perhaps the choice

may be to select a set of stands for thinning from a larger available

set for an annual thinning program.

The importance of analyzing the forest as a whole has been the

subject of several articles and studies. For example, Hall (1967,

page 470), in an article discussing applications of new decisionmaking

tools to forestry, states:

Determination of which tract of land to allocate to cutting
and regeneration in each year can be financially crucial,
since these decisions determine the rate of cash flow from
invested capital, and the rate of further investment.

Likewise, Chappelle (1966, page 6), in discussing the interrelationship

between the tree, stand, and forest, observes that:

. . forest holdings are managed as a whole, not stand by
stand; hence it is not rational to optimize the rotation of
a stand without considering the impact on the overall manage-
ment of the entire forest.

26
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A study involving the selection of tracts for final harvests and

thinnings in loblolly pine stands in Virginia over a period of 50 years,

has been reported by Kidd, Thompson, and Hoepner (1966). In this study,

the loblolly pine forest was classified on the basis of 17 age-site

classes. The 50-year period was divided into five ten-year subperiods

during each of which each acre of type would either be thinned, clear-

cut, or left alone. A linear programming solution indicated what should

be done in particular spans during any given ten-year period. In

another study, Hool (1966) uses a dynamic programming-Markov chain

algorithm to optimize the choice of forest management activities, in-

cluding thinning, over any planning interval and for a variety of stand

conditions. Other forest management studies (Curtis, 1962), (Wardle,

1965), (Norman and Curlin, 1968), (Liittschwager and Tcheng, 1967), not

involving thinning operations, also have stressed the selection of par-

ticular tracts or particular stand classes usually over some planning

period.

In the studies mentioned above, planning periods varied from ten

to fifty years. On a practical level the choice of the length of the

planning period is influenced greatly by the nature of the resource

and the state of development of intensive forest management. In

established plantations, where good physical data is available and

where road systems are well developed, planning of operations can be

more easily done with the long run in mind. However, in a situation

where plantations are not established, such as in the transition from

old-growth management to young-growth management as is taking place
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in the Pacific Northwest at the present time, the entire resource base

may be in a state of change, capital investments such as roads may

still be in a state of development, and the data and techniques needed

for more advanced management may be lacking. In such a situation, the

manager might well be in 'lined to take a short-run view, since his

physical plant and technology may be changing significantly from year

to year.

In this study, a short-run planning period of one year is assumed.

This short-run viewpoint is adopted since in the Pacific Northwest

thinning operations are planned on an annual basis in many if not most

forest management situations. Given that the manager of a forest must

plan an annual thinning program involving the selection of particular

stands or tracts of forest land, what kind of problems does he face?

Planning Annual Programs

One of the first problems facing the manager is the identification

of thinning opportunities either in terms of stands with particular

characteristics or in terms of tracts of land with particular locations.

In addition to this, there may be alternative thinning methods or

intensities which might apply to particular stands or tracts. To

illustrate this problem, let us start with a silvicultural stand model

developed for U.S. Forest Service use by John R. Robertson (1969).

The stand model, shoa in Figure 3, depicts the progress of a stand

through time (shown on the horizontal axis) in terms of trees per acre

(shown on the vertical axis). The upper line in Figure 3 represents a

stocking level above which growth would be reduced to unacceptable
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Figure 3. Simplification of Robertson's stand model showing stocking level curves for a
particular species on a given site.
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levels. The lower line represents a stocking level below which the

output of volume would be unacceptable. The dashed line represents an

optimum, perhaps based on economic criteria. In general, any point

above the dashed line represents an overstocked situation which in turn

might indicate the need for a thinning operation.

Robertsont s model was designed for use in conducting stand examina-

tions. The number of potential alternatives is enormous. Nearly every

acre examined would differ to some small degree with respect to age and

stocking as depicted on this chart. Moreover, such a chart could be

developed for each species and site condition thus increasing many

times over the number of potential alternatives. Therefore, the number

of thinning alternat.:Tes faced by the manager is only limited by the

size and variability of the forest and by the quality and quantity of

data available to him. This in turn suggests that as information im-

proves, the number of distinguishable alternatives will increase.

If alternatives have been identified, another set of problems

emerges. In terms of an annual program, the question can be asked:

What stands should be thinned during the year? Other questions might

be directed toward the problems of determining thinning intensity and

possible alternative thinning methods.

Unless choice is to be arbitrary, we must evaluate alternatives

by some criterion. Typically, the choice of criteria is related to the

objectives of the owners and/or the managers Of the forest. Objectives

may vary depending upon the owners and the managers and cannot always

be depended upon to coincide even within the same organization. If an
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organization had only one objective, the establishment of priorities

would be simple. We could evaluate each stand treatment in terms of

our objective, rank the results, and choose those activities which

ranked highest.

Organizations usually have more than one objective and often

these conflict with one another. Often he evaluation of alternatives

on the basis of different objectives will result in different con-

flicting rankings. For example, given five stands aged 30, 40, 50, 60,

and 70, the oldest stands would be ranked higher if the objective of

thinning was the greatest immediate volume output. However, if the

objective were the greatest rate of volume growth after thinning, the

younger stands might be favored. The problem we are confronted with,

then, is to resolve these managerial conflicts so that a thinning pro-

gram that approaches optimality can be reached. The next subsection

introduces the means by which this can be done.

Selection of Optima-i Thinning Programs

Optimization

Much of the content of the theory of the firm rests on the basic

assumption that a central behavioral tendency of both individuals and

firms is to optimize. Individuals optimize by maximizing utility while

firms optimize by maximizing profits.

The tendency to optimize is presumed to arise from the unlimited

nature of man's wants and from the scarcity of resources by which man

can fulfill his wants. The tendency is further reinforced by man's
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presumed rationality. Stigler (1966) lists three characteristics of

human rationality as (1) consistency of tastes, (2) correctness of

cost calculations, and (3) decisionmaking that maximizes utility.

In order to pursue his wants, man engages in economic activity.

Leftwich (1962) lists insatiable human wants, limited resources, and

"techniques for utilizing resources to produce goods and services which

satisfy wants," as the three main elements in economic activity.

Elaborating on the objectives of economic activity, Leftwich states:

Not only should resources arid techniques be used to produce
goods which satisfy wants; they should be used also to
produce the quantities of those goods which contribute most
to aggregate want satisfaction. The goal of economic activity
is a level of want satisfaction (level of living) as high as
the economy can provide. (p. 10)

In the theory of the firm, marginal analysis is used to determine

the optimal level of inputs and their optimal combination. However,

on an operational level marginal analysis is usually difficult if not

impossible to undertake even for relatively simple situations. The

source of the difficulty may be the result of insufficient data con-

cerning production functions or perhaps a large number of alternative

means of production complicating the problem. Moreover, resource

limitations and policy constraints will most certainly be important

considerations in most decisionxnaking situations.

In place of formal marginal analysis, managers, through trial and

error and use of rule-of-thumb decision guides, may eventually devise

a system of production that begins to approach the firm's optimal level

of operation. In a competitive market situation a tendency toward

optimality is insured, for in the long run firms that move away from
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optimality or remain stationary will not survive. Thus, in a competi-

tive situation, a manager's decisionmaking ability is tested by the

impersonal forces of the market.

In the bureaucratic world, found in government and many large

oligopolistic corporations, competition cannot always be depended on

to insure optimality. Indeed, trends away from optimality may go

undetected or unheeded. Rough guidelines or rules of thumb, that may

have been adequate when the organization was in its formative period

or at the inception of a particular program, may become institution-

alized even though they have outlived their usefulness. In government

where the profit motive does not typically guide decisions, the problem

may be especially acute.

Because of the size and complexity of operations found in government

and business, a branch of applied science known as operations research

has come into being. The goal of operations research is to aid the

firm in finding its optimal state of operation. In doing this the

firm's operations are modeled, i.e., documented in systmatic form.

This is necessary to determine what is relevant to the firm's objectives.

Next, various analytic1 techniques are employed to determine the optima

of various operations. In this step computers are usually required to

handle large volumes of data and numerous computations.

The methods of operations research are beginning to find applica-

tion in many management situations including the management of forests.

In the remainder of this section, after a brief discussion concerIing the

adequacy of rules of thumb, the use of two operations research techniques

known as linear and integer programming will be discussed.
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Rules of Thumb

When several objectives and restrictions complicate the planning

of programs which require selection of a set of alternatives from a

larger available set, managers have frequently resorted to rules of

thumb which help them through the maze of complex alternatives. Rules

of thumb have and continue to serve a usfu1 purpose in management

decisionmaking. However, we must recognize rules of thumb for what

they are, i.e., simple expedients for the solution of problems when

better methods or data are lacking. Rules of thumb often begin as

very accurate intuitive judgments of men working with problems; how-

ever, these rules, through the passage of time, are passed on to

others and may eventually take on the aura of "common sense" although

the conditions which made the rules sensible to begin with may have

long passed.

Rules of thumb are often necessary for complex problems simply

because alternative means of solution are not available. This situa-

tion is changing. Mathematical tools are now available which can be used

to solve a wide variety of problems, often of great size and complexity.

Mathematical Programming

A class of these mathematical tools, which has gained great

attention in recent years, is known as mathematical programming. Mathe-

matical programming algorithms are used on classes of problems which

involve the selection of a combination of alternatives that will opti-

mize some quantifiable objective function subject to a number of side

conditions or constraints. Several forms of mathematical programming
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exist, however only two will be involved in this study. These are

linear programming and integer programming.

When the objective function and the constraints of a particular

problem situation can be stated in terms of linear relationships and,

further, when variables can be stated as continuous functions, then a

class of algorithms known as linear programming (often referred to as

LP) may be appropriate. On the other hand, when variables can only be

stated in terms of discrete functions, a form of mathematical program-

ming called integer prograimlLing may apply. In t1 discussion to follow,

linear programming and its forestry applications will be discussed

first, followed by a discussion of integer programming and its forestry

applications.

Linear Programming

At the end of the last subsection, the problem of resolving con-

flicting objectives was posed. The linear programming method allows

a solution to situations where conflicting objectives are involved.

The linear programming procedure requires that one of the objectives,

usually one that is quantifiable, be selected as the objective to opti-

mize. The other objectives become subordinate, but are not dropped

from the problem. These objectives become constraints which to some

extent control and modify the degree of optimization of the primary

objective. For example, the objective of maximizing net revenuesmay

be made subject to another objective, in constraint form, which may

require limits on expenditures On all or certain of the alternatives.

One of the major advantages in using linear programming as an aid

to decisionmaking lies in the logical framework into which the problem
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must be placed in order to obtain a solution. Also, the speed of

solution which can be achieved by using linear programming algorithms

in conjunction with computers is another major advantage. Large

complex problems which would be economically infeasible to solve by hand

can often be solved quickly and economically by using linear programming

in conjunction with computers.

The mechanical features of linear progralluhling will not be

detailed in this study. However, the number of excellent references

are available for the reader interested in the mathematical background

and mechanical workings of linear progralliluling algorithms. These are

listed in the bibliography under Baumol (1965), Heady and Candler (1958),

Spivey (1963), and Liewellyn (1964).

Before a problem can be analyzed using the linear programming

framework, a number of major conditions must be satisfied. Below are

listed the major conditions that are required for a problem to qualify

for a linear programming solution.

Linear programming is based on the assumption that each of the

constraints and the objective function can be expressed in a

linear form.

The objective of management must be stated in quantifiable terms.

For example, the objective may be to:

Maximize returns.

Minimize costs.

C. Maximize sales.
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3. The manager must have alternative means of attaining his objectives.

For example, a manager may have 20,000 acres of thinnable type

available represented by 100 distinguishable forest types. His

problem is to optimize his objectives by deciding at what level

to cut each alternative.

4. The resources at the manager's disposal must be constrained. For

example:

There are limitations on the expenditures the manager can

make on the thinning program.

A volume quota is given and must not be exceeded.

Thinning sales must not be clustered in one part of the forest,

but must be spread around more evenly so that certain market

areas are not put to a disadvantage.

5. The objective function must be expressed in terms that are addi-

tive.

Forest Management Applications of Linear Programming

Linear programming has found applications in many fields including

natural resource management. Meier (1968) has applied linear program-

ming to the problem of recreational land acquisition while Revelle,

Loucks, and Lynn (1968) have applied linear programming to the manage-

ment of water quality in the Willamette River. Several applications of

linear programming have been aimed at multiple use resource allocation

problems (Gray and Anderson, 1964), (Manning, 1969),(Navon, 1968).

There are other examples, of course, but these will suffice to illus-

trate the broad range of uses, outside of forest management, to which

linear programming has been applied.
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In the area of forest management, linear programming has also

found application. Coutu and Ellertsen (1960), in one of the earliest

applications of linear programming to forest management, showed how

linear programming could be used to optimize a combination of forestry

and agricultural activities on both a large and small farm in North

Carolina. Forestry alternatives were expressed in terms of feasible

management regimes on particular sites, e.g., a "poor" management

regime of white pine pulpwood and sawtimber production on a long rota-

tion. On a given site, a number of forestry and agricultural activ-

ities, e.g., corn and dairy production, were compared and the "best"

alternative was selected. The results were a listing of activities

by site that should be undertaken for a farm.

Coutu and Ellertsen's study drew comment from several sources

(Stoltenberg and Thomson, 1962), (Chappelle, 1963), (Schultz, 1963),

(Thompson, 1963), with th discussion focusing on the applicability

of linear programming to farm forestry situations. One of the

important points made in these discussions was that the value of

linear programming was not derived from the optimal solution alone,

but also, and perhaps even more importantly, from the manner in which

a problem had to be viewed and in which information had tobe arranged

even before a solution was derived.

Curtis (1962) introduced one of the first applications of linear

programming to the scheduling of timber cutting. The study used

linear programming to schedule the final harvest of timber on a com-

partment basis for an industrial operation in Florida. Two objective
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functions were used to determine the optimal harvesting schedule over

four time periods in 18 compartments. The solution was given in terms

of the acreage of a particular compartment that should be cut in a

particular time period. A major assumption of the study was that the

type of management practiced was satisfactory to meet the firm's

objectives.

In a more theoretical approach, Leak (1964) showed how linear

programming could be applied to the problem of regulating the cut over

a rotation or a similar operating period. He developed a general

approach using two hypothetical examples. He showed how linear program-

ming could be used to maximize yields over a rotation and how the con-

straints could be used to achieve certain subobjectives such as conver-

sion of an unbalanced even-aged forest to one of balanced age classes.

In another theoretical study, Loucks (1964) used two linear pro-

continuous yield cutting schedules

the yield from various compartments

other model took periodic yields as

given and tried to minimize the acreage required to obtain these yields.

Objectives were stated in terms of volumes or acreages, while compart-

ments were visualized as fairly homogeneous forest areas with site,

stocking, and species composition being relatively uniform.

Kidd, Thompson, and Hoepner (1966) demonstrated the use of linear

programming in a forest regulation problem involving thinning as well

as clearcutting. The application involved a case study of regulating

the cut of loblolly pine in Virginia over a period of 50 years. With

gramming models to develop optimal

for a forest, One model maximized

over a given time period while the
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maximization of present net worth as the objective, thinnings and final

harvests were scheduled on 17 site and age alternatives over five time

periods of ten years each. Constraints were included that involved

volume requirements and the allocation of labor, equipment, and capital.

Wardle (1965), in a study conducted in England, used linear

programming in choosing the optimal harvesting program in a mixed hard-

wood conifer forest. Alternatives were stated in terms of particular

treatments that could be applied to specific forest types. Constraints

were related to volume and area specifications. The solution consisted

of a program showing the areas of treatment chosen for each type which

maximized net discounted revenues. Wardle demonstrated the use of

linear programming for sensitivity analysis by showing the effects of

relaxing constraints on program values. He also compared the results

of the optimal linear programming solution with the results obtained

by a simple ranking of alternatives by value.

The tree, as the major decision variable, has also received

attention from those interested in applying linear programming to

forestry problems. Paine (1966) used linear programming to determine

what classes of trees should be removed in a partial cut. The objec-

tives of this approach were to meet certain volume requirements while

selecting for cutting those trees with the slowest growth rates. The

results were intended to guide markers in the optimal selection of

trees for partial cutting programs. The author also demonstrated how

linear programming could be used for sensitivity analysis in solving

related problems.
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Returning to forest scheduling problems, Nautiyal and Pearse

(1967) employed linear programming in a model used to specify the

optimal pattern of final harvests during the conversion period of an

irregular forest. A sustained yield policy was assumed and the length

of the conversion period and the rotation age were given. Their model

maximized the present worth of stumpage prices over the conversion

period.

Norman and Curlin (1968) used linear programming to schedule the

harvesting of uneven-aged hardwood stands in Tennessee. The problem

involved the optimal scheduling of various cutting alternatives in

two compartments over a 12-year cutting cycle. The objective was to

maximize the present value of the residual stand at the beginning of

the following cutting cycle, subject to various managerial constraints.

In a study designed to compare linear programming with simulation

as a method of problem solving, Kilkki (1967) developed a model that

allocates harvest cuts over a planning period so as to maximize the

value of the forest at the end of the period, while afso meeting certain

cash flow requirements. Thinning and clearcutting with reforestation

were the two &ctivities considered in this study.

Occasionally, linear programming problems attain such large sizes

that existing programs will not handle them or running times are too

costly. Liittschwager and Tcheng (1967) use linear programming on a

very large problem involving the scheduling of the harvest of 1,166

compartments over a period of 24 years. The objective is to maximize

the production of wood volume subject to constraints on the minimum
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and maximum number of acres that can be cut each year. Due to the size

of the problem the technique of decomposition is employed. Decomposi-

tion involves reducing a large problem into a series of smaller prob-

lems for solution. Although the convergence toward an optimal solution

is very slow in decomposition, the authors show that very close approxi-

mations to the optimal solution can be adhieved in much less time than

would be required for an optimal solution.

Linear programming has also found applications in areas of

forestry apart from forest regulation. One example of this was reported

by Teeguarden and Von Sperber (1968) and by Teeguarden (1969). The

linear programming application involves a case study for the Bureau of

Land Management wherein the optimal allocation of expenditures and of

seeds and seedlings to a reforestation project is determined. The

reforestation project is conducted on an annual basis and involves

alternatives based on different reforestation methods and various site

classes. The linear programming approach results in a solution signifi-

cantly greater in terms of net present value than solutions derived by

capital budgeting or rule-of-thumb approaches.

Discrete Alternatives and Integer Programming

In the studies cited above, variables were continuous, i.e., they

could be expressed as fractions. Occasionally, however, problems arise

where it is inappropriate to express the alternatives as fractional

values. For example, Liittschwager and Tcheng expressed the desira-

bility of solutions in which compartments would be entirely harvested

rather than fractionally harvested. Curtis, Leak, and Loucks all
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encountered fractional alternatives in their linear program solutions.

Loucks encountered a problem in which an area too small to be econom-

ically harvested was included in the solution.

These studies have encountered one of the characteristics of

linear programming solutions, that is, fractional answers which occa-

sionally either do not make sense or are not feasible given the

original understanding and formulation of the problem. Hall (1967),

in discussing some of the difficulties of using linear programiuing

models, comments on the problem of continuous variables as follows:

The first difficulty results because the model treats variables
as continuous--that is, they may take on any fractional values.
Translated into real management, this means that the model
schedules a number of acres to be treated or a volume of timber
to be cut, but it still leaves the problem of allocation to
particular tracts of land undetermined. This situation may be
advantageous in aliing latitude for managerial judgment, but
the economics of logging, planting, and other treatments, and
the requirements of continuous record keeping, usually prescribe
that land be permanently subdivided into blocks, each treated as
a unit in any one year. Treatment of fractional blocks as pre-
scribed by U? solutions is often impractical, and simple rounding
of acreages to whole blocks may invalidate the entire optimization
for which the model was formulated. Efforts to schedule real
blocks of land, rather than homogeneous but discohnected acres,
require modification toward integer programming, where techniques
are still developmental.

In the development of thinning programs, thinning harvests and

sales tend to be laid out in a block or unit pattern, often with several

forest types being encompassed by a single block or unit. Of course,

clearcutting also tends to follow block patterns. One of the results

of block harvesting, particularly in the case of clearcutting, is that

a homogeneous type tends to be formed, which will tend to be treated as

a unit in future management plans. Hall notes that integer programming
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may be a solution to problems where alternatives are required to take

on discrete rather than continuous form. Actually, with regard to the

problem of selecting blocks or units for timber harvest, an even more

specialized form of integer programming known as 0-1 integer program-

ming may be appropriate.

0-1 Integer Programming

One of the earliest algorithms designed for solution of problems

in which variables are constrained to take on only the values 0 or 1

is known as the Balas (1965) algorithm. The Balas algorithm begins by

setting all variables equal to 0 and then assigns the value 1 to

various combinations of variables until an optimal solution is reached

or indication is given that no optimal solution exists. In order to

avoid the task of examining every possible combination of alternatives,

certain tests are used whidh eliminate search of many combinations that

will not improve upon previous solutions. By means of these tests, only

a relatively small proportion of the possible combinations need be

examined. An additional advantage of the algorithm is that the only

arithmetical operations carried out are addition and subtraction, thus

eliminating round-off errors. Modifications of this basic algorithm, for

the purpose of obtaining more rapid solutions, have been ma4e by

Geoffrion (1967, 1969).

Most applications of 0-1 integer programming have involved tests

of its efficiency on theoretical models. For example, Petersen (1967)

tested variants of the original Balas algorithm on problems of up to

50 variables. Bare and Norman (1969) tested Geoffrion's reformulation
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of the Balas approach on models for the scheduling of harvests of forest

compartments over time. Tests involving a problem of 25 variables and

20 constraints were carried out in reasonable time. However, they

found that problems involving 100 variables and 30 constraints and 90

variables and 12 constraints required excessive amounts of computer

time. Other than the Bare and Norman study, no applications of the 0-1

integer program algorithm to practical forestry problems are known.

Evaluation of Thinning Programs

Before forest management alternatives can be analyzed by mathe-

matical programming methods, objective function coefficients must be

developed for each alternative. Following from this requirement, some

criterion must be selected that can be used to express and evaluate the

contribution of each alternative to the firm's objective.

With regard to thinning, after the firm's objective in thinning has

been decided, a criterion can be selected. Then the proposed thinning

activity itself must be analyzed to determine those elements most

crucial in their impacts on the objective selected.

Objectives of Thinning

There can be many objectives involved with thinning. Some of these

objectives might be quite different from what are normally thought to be

thinning objectives. For example, an organization might be interested

in thinning so as to increase wildlife browse by increasing the amount

of light reaching the forest floor. In such a case timber production

might well be a by-product of another operation. Perhaps little
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attention would be paid to either immediate or future returns that

might be involved in thinning.

However, the more usual application of thinning involves objectives

related to the production of timber. In turn, timber production is

typically expressed in terms of volume ot in terms of monetary value.

In the Pacific Northwest, timber volume is commonly expressed in board

feet while timber value is, of course, expressed in terms of dollar

returns.

Typically, the firi is interested in both the volume and monetary

aspects of its thinning programs. On the one hand it may state its

objectives in terms of maximizing volume production, while on the other

hand it may stress the inportance of maximizing net returns. Occasion-

ally, these two objectives may be compatible while at other times they

may be inconsistent, i.e., maximum earnings may be sacrificed by

attempts to maximize volume production or vice versa.

In any case, if the firm is to use mathematical programming methods,

one objective must be made subordinate to the other. A primary

objective must be chosen for the objective function while the subordi-

nate objective may be incorporated as a constraint which still has an

influence in the planning process. A choice must be made between

emphasizing timber volume production and net returns expressed in

dollars.

A volume criterion has an immediate drawback that makes it undesir-

able for evaluating programs with investment aspects or long-run conse-

quences. Unless stated in terms of monetary units, qualitative
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differences brought about by an activity are hard to quantify. For

example, a thinning might bring about significant qualitative changes in

the growing stock that would yield lucrative investment returns. Evalua-

tion based on a volume criterion might show no improvement at all. For

an organization in the business of selling stumpage in the market place,

a monetary objective seems especially preferable. Economic theory

tells us that in the exchange of commodities, price is the most ade-

quate guide we have in determining the social value of particular goods.

Moreover, the price of outputs and the cost of inputs to the firm are

supposedly more accurate indicators for resource allocation than the

capacity of the firm to provide timber volume.

Choice of Criterion

If the firm's objective is to be evaluated in monetary terms, then

a choice of an appropriate monetary criterion needs to be made. This

choice will be guided by the nature of the activity being evaluated.

Thinning activity is characterized by returns that ar'e ililihlediately

realized and by returns that are expected at some future date. Evalua-

tion of such an activity immediately suggests compound interest pro-

cedures which are used to bring the values of all alternatives to one

point in time for comparison. Compound interest procedures, in turn,

suggest a certain class of monetary criteria from which an appropriate

criterion might be chosen.

There are several monetary criteria common to the field of invest-

ment analysis and capital budgeting which might be appropriate to the

problem of evaluating the effects of a particular thinning activity.



48

Bierman and Smidt (1960) and Baumol (1965) discuss several of these

criteria coming to the conclusion that only two criteria adequately

account for the effects of time. These two criteria are known by

several names, but in forestry they are commonly referred to as the

internal rate-of-return and the present net worth criteria. Webster

(1965) in discussing the relative merits bf different criteria in rank-

ing various forest management opportunities, defines internal rate-of-

return as a measure of "the rate at which an initial investment 'grows into'

a final value," while present net worth is defined as a measure of

"the increase in present: net value of an area of forest land (or other

asset) that is caused by an asset." Webster further explains that the

internal rate-of-return measures the rate of capital growth while present

net worth measures the absolute size of an investment opportunity.

The internal rate-of-return and the present net worth criteria

have been the subject of extensive discussion in economic literature.

In general, these discussions have concluded that while both criteria

give essentially the same answer to the question of whbther or not an

investment should be undertaken, they can give quite different answers

with respect to ranking alternative investments. In fact, Webster (1965)

demonstrates just such differences in his study. In general, the inter-

nal rate-of-return criterion is considered to be the weaker of the two.

Baumol (1965) points out and demonstrates that the most important draw-

back with the internal rate-of-return criterion arises when a firm is

limited in the number of investment projects it can undertake. This,

of course, is the problem situation assumed in this dissertation.
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Hirsh].eifer (1958) demonstrates the weaknesses of the internal rate-of-

return as an investment criterion and shows how it must be modified

to be useful. He also provides support for use of the present value

rule (present net worth criterion), but also shows its weaknesses and

where it is inapplicable.

The internal rate-of-return criterion has found use in forest

management problems where capital budgeting has been applied in the

evaluation and comparison of various projects. For example, the inter-

nal rate-of-return criterion has been applied: by Baird (1965) as a

guide to investment efficiency of various forest types in Appalachia,

by Anderson (1968) in evaluating and comparing various timber stand

improvement activities in Georgia, by Schallau (1970) and Payne (1969)

in comparing alternative rates of road building in young growth and old

growth respectively, and by Green and Alley (1967) in evaluating species

alternatives for replacing mistletoe infected white pine. This list is

not exhaustive but does give an idea of how the internal rate-of-return

criterion has been used.

The present net worth criterion has found forestry applications

particularly in connection with linear programming applications. Linear

programming studies by Kidd, et al. (1966), Teeguarden and Von Sperber

(1968), Teeguarden (1969), Nautiyal and Pearse (1967), and Curtis (1962)

have used present net worth as a criterion. Internal rate-of-return has

not been used as a criterion in linear prograluilling studies. This is no

accident. Linear programming objective functions require additive as

well as quantitative variables. Contribution to present net worth is
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both divisible as well as additive. Internal rates of return are not

additive nor divisible in any meaningful sense, thus they are not

useful as criteria for objective functions in linear program formula-

tions.

Discount Rate

The choice of a present net worth criterion to express and quantify

the firm's objective function in a mathematical programming format

solves the problem of additivity, which renders inappropriate criteria

based upon rates of capital growth such as the internal rate-of-return.

However, the use of present net worth leads to problems of selecting an

appropriate discount rate.

The use of an appropriate discount rate is very important as it can

affect greatly the investment alternatives chosen. The selection of the

rate depends very much upon the objectives, operating procedures, and

characteristics of the organization in question.

In the Bureau of Land Management, rate selection is based upon

guidelines issued periodically by the Department of Interior. These

guidelines are used by Interior's agencies in their selection of interest

rates and discount factors for use in economic analysis and program

evaluation. Thus, in the case study portion of this thesis, appropriate

discount rates can be assumed as being exogenously determined by the

agency itself. This presents no particular modeling problem since value

type and unit planning models used in this study were designed to demon-

strate, among other things, what impacts changes in discount rates might

have on thinning program values. It is assumed throughout that discount
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rates are determined exogenously. Thus, there is no problem in using the

Bureau's rates, or for that matter any other rates, for the purpose of

demonstrating the use of the models.

Analysis of Thinninj

One of the major tasks required to properly evaluate thinning opera-

tions is to identify those factors which have the greatest impact on the

objectives of the firm. In this study, the factors of interest are those

which might influence the contribution to present net worth of thinning

a particular stand at a particular point in time. These factors can be

divided into two categories on the basis of whether they influence

iuiuiediate returns or future returns.

Factors affecting the immediate output of a thinned stand are:

Stocking intensity. The manager probably has some idea of what

he would consider over and understocking. Referring to the diagram on

page 29, overstocking would be some point above the dashed "optimal"

line while understocking would lie at some point below it. Points above

the line would be eligible for thinning while points below would not.

The degree of departure of a point from the line would give some indica-

tion as to the seriousness of the overstocking problem and as to the

degree to which the stand could be thinned.

Thinning intensity. The degree of thinning intensity applied to

a stand has a positive effect on immediate returns, for as intensity of

thinning increases so do. returns. However, the manager will stop at

some level of intensity, if only to avoid serious damage to the residual

stand. There is also considerable difference of opinion among forest
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managers concerning the merits of frequent light thinnings as opposed to

infrequent heavy thinnings.

Species. The tree species present make an obvious difference.

For example, Tillamook project foresters report a $5 per thousand board

foot (also referred to as per N bd. ft.) greater thinning stumpage

price, on the average, for Douglas-fir than for western hemlock. The

manager's choices may involve selecting between homogeneous stands of

different species, or in selecting which species to retain in mixed

stands.

Quantitative characteristics of timber. The dimension and form

of the timber itself will greatly influence the manager's choice of

stands to thin. In this regard the manager will be interested in the

value of these stands as influenced by average stand diameter, tree

heights, and form class.

Qualitative characteristics of timber. Characteristics which

influence log grade, while not as important as in final harvests, will

influence the value of output to some extent.

Accessibility. Some thinning opportunities may require exten-

sive road building, others a minimal amount, while others may require

none at all. An access factor which influences transportation costs is

the condition of the road access in terms of surface condition, rise

and fall, and degree of adverse.

Topography. As degree of slope increases so does the difficulty

and cost of thinning. At this time although thinning is possible on

slopes over 45%, it is costlier and the technology is not well advanced.
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Managers would probably be inclined to favor more moderate slopes for

thinning operations.

8. Location relative to markets. If distances to market vary

greatly between thinning opportunities, this will influence the value

of output and thus the choice of stands.

Factors affecting the future output of a thinned stand are:

Stocking intensity after thinning. This factor's effect on future

output is interrelated with many variables including the original

stocking, thinning intensity, age, site, and timber characteristics.

This is the investment portion of the thinning. The residual stand is

left on the ground in hopes that it will grow in value at some rate

greater than that expected for alternative investments.

Quantitative aspects of remaining trees. The character of re-

maining timber with respect to diameter, height, and form class will

clearly influence the character of timber x years hence.

Qualitative apects of remaining trees. The higher the quality

of the remaining trees, the more likely it is that trees at final

harvest will be of high quality.

Site index. Site is an important determinant of stand growth

and development. Site strongly influences the rate of growth and the

ultimate quantitative and qualitative character of the stand.

Age of stand. In present net worth calculations, future returns

must be discounted to the present in order to accurately compare alter-

native investments. In discounting the length of time involved is

crucial. The age of the stand is a major determinant in calculating

the discount period.
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Age of final harvest and other thintiings. Combined with the

age of the stand these are major determinants of the discount period.

Discount rate. The manager probably ranks future returns lower

in preference to equal magnitudes of present returns. This preference

implies a discount rate. The higher the rate the less in value will be

future returns given equal time periods.

Species present.

Location of markets.

Topography.

Accessibility.

Factors 8-Il are mentioned without comment as they were amply

covered in the section concerning the factors affecting immediate returns

and they apply equally as well with respect to possible future returns.

The list of factors influencing the value of thinning, once elabo-

rated, can form the basis for a system of data collection and evaluation

of alternatives.

Evaluation of thinning can occur under at least three sets of

conditions. In the first case, evaluation is concerned with the timing

and intensity of thinnings over a rotation. Lundgren (1965) and Warrack

(1959) demonstrate this approach by using land expectation values to

evaluate a number of alternative thinning schedules under varying price,

cost, and stand conditions. In the second case, the impact of a har-

vesting regime involving several thinnings and a final harvest is

evaluated over som period of the stand's life. Such an approach was

used by Kidd, et al. (1966). Marty, Rindt, and Fedkiw (1966) have
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discussed the third case which occurs when individual projects are to be

evaluated. Applied to thinning this means that only the value of one

thinning operation in a stand will be evaluated. In this case intermediate

thinnings and the final harvest will only be evaluated to determine what,

if any, are the effects of proposed thinning on these activities. Marty,

et al. (1966) have provided a format which helps to visualize this type

of evaluation. In Table 1, this format is shown in order to demonstrate

how a one-time thinning would be evaluated.

ThBLE 1. INDIVIDUAL AND MARGINAL SCHEDULE OF PROGRAM
EXPENSES AND INCOMES IN DOLLARS-i'

The numbers used in Table 1 are in terms of dollars per acre. De-

picted is a thinning at age 30 with a final harvest at age 80. Note

that no intermediate thinnings are made although they could be incor-

porated if necessary.

Stand
Age

Individual Schedules Marginal Schedule

Without Thinning With Thinning Expense Income
Expense Income Expense I Income

30 - - 22 73 51

40 - -

50 - - - -

60 - -

70

80 200 4,200 200 5,300 1,100

The form and headings are from Marty, et al. (1966) Table 5,
page 12. The numbers are my own.
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The table is self-explanatory with the possible exception of the

marginal schedule columns. The marginal schedule represents the differ-

ence between the thinning and no thinning programs at a given age.

First, the difference is obtained between expenses and incomes of each

program and then the difference between the two programs is derived. In

the marginal schedule, at a given age, there will be either net income

or net expenses but not both. The example in Table 1 shows net income

for the commercial thinning and the final harvest. A precommercial

thinning, using the same values, would have shown 51 in the expense

column. To complete the evaluation of the stand, the final harvest

value at stand age 80 will have to be discounted to the present (stand

age 30).

The method used above treats income from not thinning as an oppor-

tunity cost of undertaking a thinning operation. It is a logical means

of identifying the benefits from thinning operations, particularly the

difficult to isolate effects of thinning on final harvest timber. This

method will be employed in the evaluation techniques developed and

applied in this study.



III. FORMULATION OF THE MODELS

Linear and Integer Programming

Problems where managers must try to choose optimal programs

involving many alternatives and constraints can be next to impossible

to solve using hand calculation methods. Fortunately, advancements

in computer technology coincident with development of algorithms such

as linear and integer programming have made solution of many complex

management problems feasible, whereas before only an intuitive or

rule-of-thumb procedure was possible.

Linear programming and integer programming (0-1 integer in this

study) have potentially many possible applications in forest manage-

ment decisionmaking. However, in any given problem situation, the

context of the problem must be examined to determine whether these

prograuuning procedures are applicable and then the problem situation

must be stated in terms of mathematical equations that are amenable

to linear or integer programuling solutions. The question may then be

asked as to what conditions must exist to use these procedures and

what forms of equations are required to prepare the problem for

solution.

From the last chapter it will be recalled that the following

conditions must exist for a problem to qualify for a linear program-

ming solution:

1. Functional relationships in the objective function and the

constraint equations must be linear.

57
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The objective function must be stated in quantifiable terms.

Alternative means of attaining objectives must be available.

The resources and/or activities of the manager must be constrained.

Alternatives must be expressed in terms that are additive, if the

problem involves optimal levels of activity in given alternatives.

Basically, 0-1 integer programming has these same five require-

ments except that points 1 and 5 are not so crucial. Linearity and

additivity are not crucial when the only value a variable can assume

is one or zero.

Mathematically the standard linear programming format consists of:

The objective function

Z=c1x1+c2x2+...+cx+...Cx

The constraints

+ . . . + a xin n

araixi + . . . + a x bran n

with the additional condition that Xj 0.

In the above mathematical statements:

Z = the objective of management that is to be maximized or
minimized.

= the th thinning alternative available to the manager.

= the amount that Z is affected by a one unit change in x.

a1 the amount of constraint b1 that is used up per unit of x.

= the constraint requirement that cannot be violated.
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The 0-I integer program follows the format above with one excep-

tion. The x3ts are required to take on the value one or zero, whereas

in the linear programming format X'S can take on any value (unless

limited by constraints) including fractional values.

In order to apply the linear and 0-1 integer programming algo-

rithms to the problem of selecting and planning optimal thinning programs,

it must be determined whether the problem meets the requirements of

solution by these algorithms and, if so, the meaning of the terms

appearing in the format must be defined. In the remainder of this

chapter, the procedures of modeling the thinning selection problem

are outlined.

Developing the Models

The thinning selection problem will be modeled for both the value

type approach and the unit approach. However, since both approaches

have many similarities the discussion will not develop these models

separately. Rather, the discussion will pursue model development from

the point of view of fulfilling the various requirements of the linear-

integer programming formit, with the differences between the two

approaches being discussed when they appear.

The Objective (Z)

The first step in developing the objective function is to deter-

mine the criterion by which the function will be optimized. In

choosing the criterion, close attention must be paid to the objectives

of the organization as well as to the practical nature of the problem

that needs solution.



As was discussed in the preceding chapter, the maximization of

present net worth was chosen as the criterion to determine the optimal

selection of stands for thinning. The contribution to present net

worth of thinning each value type and unit will be calculated by

determining net returns to current thinning plus discounted net re-

turns from the future which are attributable to current thinning.

The contribution to present net worth is a monetary measure of

benefits from thinnings expressing the value of marketable products.

However, it is recognized that timber benefits may not be the only

values derived from a thinning program. Thinnings can also have a

positive or negative influence on benefits from such forest products

as water, recreation, wildlife, etc. Unfortunately, data is lacking

establishing clear functional relationships between nontimber multiple

use values and thinning activity. On the other hand, the relationships

between timber values and thinning activity are established and can

be quantified.

If nontimber multiple use values are to be considered in linear

programming solutions, they must be handled indirectly through con-

straints. These constraints, though not quantifying multiple use

values, may be designed to protect or enhance these values through

restrictions on the methods and locations of thinning activity.

The Alternatives (xi)

Two approaches are taken in defining and identifying alternatives.

These are the unit approach and the value type approach.

The unit approach (see Figure 2) defines an opportunity as a
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harvesting unit composed of a given number of acres with an exact

location. Each unit can be identified with a code number and by use

of the 0-1 integer program the solution will indicate which units

should be thinned. The solution process involves making a thin, no-thin

decision with regard to each unit available.

The value type approach (see Figure 1) defines an opportunity as

a given acreage of thinnable type with a certain combination of value

influencing characteristics that distinguish it from other types.

Value types are identified by the variables known to influence them.

They are solved by use of a linear programming algorithm which indi-

cates the acreage of each type to be thinned. Unless the solution

indicates that all of a particular type should be thinned, there is

no indication of where, on the ground, the thinning operation should

take place.

The Evaluation of Alternatives (cd)

In order to evaluate thinning opportunities on the basis of

economic criteria, it is first necessary to identify those variables

which influence value. On the Tillamook project, data were available

on stand age, size class, species composition, topography, and trans-

portation costs. Unfortunately, data in usable form were not available

regarding site index or levels of growing stock.

Once data has been assembled and value types have been identified,

value types must be evaluated on the basis of the economic criterion

chosen for the study. Procedures must be worked out that specify

volumes to be harvested in the proposed thinning and volumes to be
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harvested at rotation age. This involves estimates of the growth

response of stands to thinning. Furthermore, stumpage values must be

determined both for current proposed thinnings and for expected

harvests at rotation age. In addition, discount rates must be

selected and administrative costs of preparing stands for thinning

and final harvest must be taken into account.

The information described above can be fitted into an analytical

framework which will derive, for each value type, a value per acre.

This value represents the contribution to present net worth of thin-

ning (henceforth referred to as PNWT) in that type. The following

analytical framework is used in evaluating value types. The first

equation indicates the general elements needed to evaluate PNWT for

each value type. Subsequent equations detail elements required for deter-

mining each term of the first equation.

PNWT1 = RT1 + RHT1 - RHW1

where

PNWT1 = contribution to present net worth of thinning value type i

in dollars.

RT1. net return to thinning in the present year in value type i

in dollars.

RHT1 = discounted net return of final harvest in stand if thinning

is done now in value type i in dollars.

RIIW1 = discounted net return of final harvest if no thinning is

done in value type i in dollars.



Each of the terms in the above equation is detailed in the following

equations.

RT1 = (NV1 - RV1)(SP1) - (NV1 - RV1)(AD1)

where

NV1 = stand volume per acre before thinning in value type i in

N bd. ft.

RV1 = stand volume per acre after thinning in value type i in

N bd. ft.

SP1 = stumpage price per N bd. ft. of thinning volume from

value type i.

AD1 = administrative cost per N bd. ft. from value type i.

RHT1 = (TV1)(SPH1)(DF1) - (TV1)(ADH1)(DF1)

where

= final harvest volume per acre of the stand if thinning is

done now in value type i in N bd. ft.

SPII1 = stumpage price per N bd. ft. of the final harvest from

value type 1.

ADH1 = administrative cost per N bd. ft. of the final harvest from

value type i.

DF. = discount factor =
1

(1 + r)

RHW1 = (WV1)(SPW1)(DF1) - (V1)(ADW1)(DF1)

where

WV1 = final harvest volume per acre of stand if no thinning is

done in value type i in N bd. ft.

n = years from present to
final harvest

r = discount rate
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SPW1 = stumpage price per M bd. ft. of final harvest of unthinned

stand from value type i.

ADW1 = administrative cost per M bd. ft. of final harvest of

unthinned stand from value type i.

The evaluation of thinning units (the unit approach)will proceed

by determining the acreage of each value type within each unit, multi-

plying value type acreage by value type PNWT, and summing resulting

values to get unit PNWT. Mathematically:

PNWT = (PNWT1 )(VT1)

where

VT1 = area of value type i within the thinning unit in acres.

PNWT1 = the per acre PNWT of value type i in dollars.

PNWT = the unit PNWT in dollars.
U

The Constraints (a1, b1)

An evaluation of thinning opportunities would result in PNWT

values for each unit and PNWT1 values for each value type. The units

(or value types) could then be easily ranked from highest to lowest

and the manager could select the optimal program by choosing those

units or types with the highest ranking. However, decisionmaking is

rarely this simple and the manager will often be unable to follow the

program indicated as optimal by a value ranking.

Departures from a selection based solely on ranking could result

from any number of explicit or implicit constraints under which the

manager must operate and which complicate the decisionmaking process.



Mathematically, constraints can take on three general forms:

A less than or equal to inequality

a1x1 + a2 + . . . + ax b1

A greater than or equal to inequality

a1x1+a2x2+...axb1

An equation

a1x1 + a2x2 + . . . + ax = b1

where

b1 the constraint requirement which is not to be violated in the

direction indicated by the inequality or equality sign.

x = a unit of thinnable timber, an acre or a harvesting unit.

a1 = the amount of constraint b1 that is used up per unit of x.

Below are described some of the constraints to which a manager may

be subject. The general form of the constraints and the nature of the

unit coefficients are also described.

I. Allowable cut limitations for chargeable (regulated) thinning

harvest volume.

Chargeable thinning volume is that portion of the volume from

thinning harvests that is charged to the allowable cut. It results

when thinning a stand will reduce the final harvest volume of that

stand below the level of volume expected at final harvest without

thinning. This difference between final harvest volume of the

thinned stand and the final harvest volume of the unthinned stand

is charged to the allowable cut. Thus, the annual allowable cut is

a summation of two parts: that volume from final harvests and that
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volume from chargeable thinnings. The two parts are interrelated

in that an increase in one will decrease the other.

In trying to determine the constraint limitation (b1) for

chargeable thinnings a problem arises in that this limitation

cannot be established until it is known what stands are to be

thinned. In practice the volume of chargeable thinnings is deter-

mined from stands already selected for thinning. But one of the

study objectives is to determine the optimal thinning program

given the constraints, thus the constraint limitation must be

established first.

To solve this problem, it will be assumed that some minimum

volume must be removed as final harvests. From this minimum can

be established the maximum limit of volume to be removed as

chargeable thinnings. This constraint will take the form:

a.x+ . . .+a1xb
where

b1 = maximum permissible chargeable volume thinned annually.

a = chargeable volume expected from thinning unit x3.

i = the code number assigned to this constraint, e.g., this

is constraint number 1.

j = the cutting unit code number.

2. Cutting limitations on nonchargeable (unregulated) thinning

harvests.

It is expected that as a result of thinning the total volume

yield will be greater than if no thinning were done. This differ-

ence in volume yield over the entire rotation between the thinned
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and unthinned situation is termed nonchargeable, i.e., not charged

to the allowable cut, and is prorated at the time of thinning.

Limits are usually placed on the amount of nonchargeable.

volume that can be removed in a given year. This constraint

would be of the form:

ax +,..+a xin n I

where

= the maximum permissible volume in nonchargeable

thinning harvests.

a1 = the expected volume of nonchargeable thinnings from

thinning unit x.

3. Budget and manpower constraints.

Thinning entails certain administrative costs. These costs

include cruising, marking, engineering, and appraisal, among

others. Funds are allocated to cover such costs and management

is usually required to stay within the limits imposed by these

funds. Often the budget constraint may be redundant, particularly

with smaller administrative units since sufficient funds may be

allocated to do a specific job. However, even with sufficient

funds a constraint may develop because of manpower shortages.

In this case, the problem can be reformulated in terms of man-

hours available (b1) and man-hours necessary (a1) to process each

thinning unit (xi). Situations could develop where both funds and

manpower were constraining and then two constraints would be needed.

In general, the constraint would be of the form:

a1x + . . . + a1x b1



where

b1 = total amount of resources available to carry out the

thinning program.

= the amount of resources (i.e., manpower and equipment)

required to process thinning unit x.

4. Spatial constraints.

Spatial distribution is often a consideration in selecting

units for an annual thinning program. In a large forest area, if

access is well developed, there may be a desire to avoid clustering

of all thinning sales in a relatively small area. At least three

considerations may motivate this desire to distribute sales

spatially. These considerations are related to markets and har-

vesting operations.

a. Market constraints.

A forest area such as the Tillamook project often serves

several market areas. In order not to favor one geographical

market area over another, it may be necessary to space sales

so as to give each market area an opportunity to purchase at

least a few sales in an area of the forest closest to them.

Each market area is then a constraint.

In the case of two market areas, two constraints would

be needed.

a1x + . . + a, b1

a23x + . . . + a2x
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where

= the minimum volume in bd. ft. to be thinned in

market area i where i = 1, 2.

a = the volume in bd, ft. to be thinned in x if

is in market area i; otherwise 0 if x is not in

market area i.

b. Harvesting logistics constraints.

Even in a given market area it might be undesirable to

cluster all thinning units into a relatively small area.

Otherwise congestion on access roads from large numbers of

truck haulers could result. Not only must the placement of

proposed thinnings be considered, but the locations of

currently operating thinnings and final harvests must also be

considered. The forest could be divided into operational

areas which could be used to plan and place harvesting areas

with the goal of preventing congestion on the road system.

This constraint would be of the form:

a1x + . . . + a11x b1

where

b = the maximum volume in bd. ft. to be thinned in

operational area i where i = 1, 2, .,m.

a1 = the volume in bd. ft. to be thinned in x if x is

in operational area i; otherwise 0 if x is not in

operational area
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c. Administrative constraints.

Often the administration of a large forest area will

divide its area of responsibility into smaller administrative

subunits. These subunits may then be allocated resources for

the purpose of carrying out certain tasks. One of these tasks

may be the fulfillment of thinning volume quotas. When this

is the case constraints would be of the form:

a1x + . . . + ax b1

where

b1 = the maximum volume in bd. ft. to be thinned in

administrative area i where i = 1, . . ., n.

a1 = the volume in bd. ft. to be thinned in x if x is

in administrative area i; otherwise 0 if x is not

in administrative area i.

5. Considerations of the number and size of units to be included in

the thinning program.

A manager usually has some implicit if not explicit require-

ments related to the minimum or maximum number of units from which

he sells the annual allowable cut. For example, Tillamook project

managers would not sell the entire allowable cut from one unit as

this would limit sale of project timber to one buyer.

This problem can be controlled to a large degree by varying

unit volume until the proper number of units results from a given

allowable cut. This assumes that units are fairly uniform. How-

ever, field conditions (topography, past cutting patterns, forest
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composition) may result in units being laid out that vary widely

in volume. In this case the manager may not get the number of

units that he desires in his sales program. A constraint setting

a minimum number of units would be of the form:

a1x + . . . + a1x

where

b1 = the minimum number of units to be developed for the

annual thinning program.

a1 = 1 for each x

A constraint setting a maximum number would be similar except

the inequality would be reversed.

A manager might want to offer a mix of unit sizes. Units

could be classified by size classes and the minimum or maximum

number of units desired in each size, class could be specified by

appropriate constraints. The coefficient a1 would equal 1 if the

unit were in the size class indicated by the b or it would equal 0

if it were not.

6. Considerations of size or age class.

With markets developing for smaller size classes, it may

become desirable to assure some minimum annual supply of thinnings

from each age or size class in order to promote utilization of

smaller sized material. To assure this, constraints of the follow-

ing form could be set up.

a1x + . . . + ax b1



where

b1 = the minimum volume of size or age class i that will be

harvested in a given year where i = 1, 2, . . ., iii.

a1 = the per unit volume in size or age class i available

from thinning unit x.

7. Multiple use considerations.

Thinning operatons can have positive or negative effects on

multiple use values associated with water quality, water quantity,

recreational esthetics, wildlife habitat, etc. In order to mini-

mize negative effects and maximize positive effects, certain

constraints could be imposed on thinning programs. An example of

such a constraint would be the spatial constraint mentioned before.

A spatial constraint could attempt to preserve or enhance multiple

use' benefits by spreading harvests more evenly over the forest.

Linearity

Linearity could become a problem in objective function relation-

ships if the size of area to be thinned were so small that fixed har-

vesting costs, such as those associated with moving in and setting up

logging equipment, began to grow in relation to variable costs, such

as yarding, falling and bucking, and loading.

The unit approach can be designed to avoid such a problem simply

by initially setting up units that are large enough to avoid the prob-

lem. Where small islands of thinnable type occur in larger areas of

nonthinnable type, these can either be ignored or included as part

of a larger unit.
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The linearity problem is more serious in the value type approach

since fractional answers are possible. When a fractional answer indi-

cates an extremely small area of a particular type should be thinned,

it is assumed that this small area will be incorporated into a larger

area for sale. In practice this often occurs. A small area of one

type may appear as a type island within a ILarger type. In these cases

the two are often thinned together. There are still many practical

problems involved with fractional answers, but these will be dis-

cussed in more detail later.

The only constraints where linearity might be a problem are the

budget and manpower constraints. As sale size drops certain fixed

administrative costs begin to grow and thus increase the cost per

thousand board foot of preparing for a thinning operation.

This problem could be resolved in the unit approach by careful

appraisal of each unit suspected of having diminishing returns to

scale. The programming solution could not violate linearity as only

one level of the activity can be chosen, i.e., all of it.

The problem is not so easily resolved in the value type approach.

Even though costs per thousand board foot might be determined at all

possible sale sizes, only one value could be used as a coefficient

for that type in the constraint equation. The problem is resolved, as

in the case of the objective function, by assuming that small acreage

thinnings will be processed as part of larger sales thus absorbing

the increased costs in the costs of the larger sale.



IV. APPLICATION OF ThE MODELS

The application of the value type and unit approaches was carried

out in cooperation with the Bureau of Land Management on their Tilla-

mook Intensive Young-Growth Management Project (Figure 4) located in

Tillamook and Yamhill County and comprising approximately 50,000

acres of young-growth timber.

In fiscal 1969, commercial thinning was a major management activ-

ity on the Tillamook project, accounting for about 45% of an annual

timber harvest of 48 million board feet. Commercial thinning is carried

on in stands below the rotation age of 80. Stands aged 50, 60, and 70

are generally considered to be feasible thinning opportunities if they

contain more than 60% of normal basal area. Forty-year-old stands are

marginal and 30-year-old stands generally produce volume that would

probably sell at negative stumpage values.

Tillamook project foresters are primarily guided, in the selection

and planning of thinning programs, by silvicultural guidelines and the

need to meet volume quotas. Explicit guidelines based on economic

criteria are not available. Moreover, there is no means of quickly

evaluating one plan of thinning by economic criteria and comparing it

to alternative plans.

The purpose of this chapter will be to apply the two alternative

approaches of evaluating, selecting, and planning optimal programs to

the problem of selecting an annual thinning program for the Tillamook

project. In Figure 5, a flow chart is shown depicting the general
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procedure used in both methods. The development of this chapter

generally follows the flow of events beginning with the identification

of alternatives.

Identification of Alternatives

Value Types

The first step in the development of the two approaches was to

determine what thinnable types were available and then to differentiate

between them based on available data.

Forest type maps were the first source of information consulted.

These maps provided information concerning species composition, age

and size classes present, and degree of stocking. On the basis of

this information, 15 value type combinations could be identified. The

value types were based on five age classes and three size classes.

The age classes were represented by ages 30, 40, 50, 60, and 70 years.

The three size classes were represented by number codes 2 (timber 11"

DBH and under), 3 (timber 12-21" DBH), and 4 (timber 21" DBII and over).

Information on species composition was not useful since the preponder-

ance of thinnable types were Douglas-fir. Degree of stocking is

divided into three categories on type maps and only one of these is

considered a thinnable class (70-100% stocking), thus stocking informa-

tion was also not of any use.

Topographic maps were next employed to distinguish between tracts

that could be thinned by tractor yarding methods and stands that would

require cable methods of yarding. A slope of 45% was used as the
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breaking point between the two methods. Tractor methods would be used

on tracts below 457 slope, whereas cable methods would be used where

slopes exceeded 45%. No upper limit for percent of slope was con-

sidered in this study, although it was recognized that in a few areas

thinning would not be feasible because of excess slope. These areas

would be identified when units were laid out. The division of the

forest on the basis of two harvesting methods increased the potential

number of value type combinations from 15 to 30.

In order to determine transportation cost zones, road maps were

used to identify road systems serving the area. Roads identified as

serving the area were evaluated on the basis of characteristics affect-

ing haulIng costs. Various points in the project area were then

evaluated in terms of hauling costs required to reach particular

markets. The results of this analysis were disappointing in terms of

generating value types, as approximately 80% of all value type acreage

fell within a range of $3.00, while the extremes in location showed

only a $4.50 range.

Because of the narrow range of values obtained from evaluating

transportation costs, a decision was made to use a single mean trans-

portation cost value for all value types. However, in the Unit

approach transportation costs were separately calculated and used for

each unit. The procedure for this is outlined in Appendix B in the

section on calculation of unit values. Also, a more thorough discussion

on the problem of applying the transportation cost variable to the value

type approach can be found in the next chapter.

Finally, although the number of value type combinations remained
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at 30, the number of potential management combinations rose to 60 by

the division of the Tillamook project into north and south side manage-

ment subdistricts. Each subdistrict is administered by an area forester

who is responsible for planning of harvesting activity in his area.

These administrative areas also approximate the market areas involved.

The southern area is closest to the Willamina-Sheridan market whereas

the northern area is closest to the Tillamook market.

Although 60 possible management combinations existed as a result of

combining five age classes, three size classes, two topographic classes,

and two administrative areas (5 x 3 x 2 x 2 = 60), in reality only 22

of these combinations actually existed on the ground as real management

alternatives. Table 2 presents the acreages available for each manage-

ment alternative and value type.

* S represents slopes of 45% requiring high-lead or cable thinning
methods while N represents slopes below 45% on which tractor
methods of thinning can be used.

70 4 2 0 2

70 4 N 140 249 389

70 3 S 137 257 394
70 3 N 884 1,330 2,214
60 4 N O 43 43
60 3 S 211 210 421
60 3 N 624 117 741
50 3 S 20 0 20

50 3 N O 7 7

40 3 S O 31 31
40 3 N O 249 249

40 2 N 38 23 61
30 3 S 100 0 100
30 3 N 0 16 16

30 2 N 84 396 480
2,240 2,928 5,168

ThBLE 2. THE NUMBER OF ACRES OF VALUE TYPES AVAILABLE F OR THINNING
IN FISCAL YEAR 1969 ON THE TILLANOOK PROJECT

Value Types Management Alternatives Total
Acres

Age (SizeClass Slope* Acres North Acres South



Units

The next step in identifying alternatives was to locate, on a map,

the units accessible for thinning operations. This step was done in

cooperation with each area forester on the Tillamook project. The pro-

cedure followed called for the area forester to indicate what he thought

were the best number and layout of thinning harvest units in accessible

areas. The units chosen were recorded on acetate overlays. The over-

lays, in turn, were used with forest type and topographic maps in

determining value types present in each unit. Area foresters also pro-

vided information concerning inaccessible areas, areas with excessive

slopes, road building requirements, and appropriate harvesting methods.

A total of 50 units were delineated for inclusion as alternatives

available for thinning. Table 3 presents a sample of five units to

demonstrate the type of information that was used to identify and eval-

uate units. Appendix A shows the same information for all 50 units.

The reader will note that Table 3 and Appendix A include informa-

tion on value type acreage as well as unit acreage. It was assumed

in this study that value type acreage lying outside unit boundaries was

not available for thinning. Thus, total acreage for both approaches

is equal at 5,168 acres. The number of alternatives arising from

this acreage under the two approaches is quite different, however.

Value type alternatives number 22 while units number 50. More precise

data on important value influencing variables, such as site, would have

increased the number of value types. However, this might not have

affected the number of units. To increase units available for thinning,

more areas would have to be made accessible.
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T1BLE 3. FIVE EXAMPLES OF THE FORMAT AND INFORMATION
USED TO IDENTIFY AND EVALUATE UNITS FOR
THE UNIT APPROACH

81

Evaluation of Alternatives

After maxim,zation of the contribution to present net. worth of

thinning was chosen as the criterion by which thinning programs would

be evaluated, evaluation of value types and units followed. The

mechanics of the evaluation procedures are documented in Appendix B.

In the text following, discussion centers upon evaluation problems,

data used, and the rationale for procedures employed.

Evaluation of Value Types

The derivation of present net worth values for each value type was

accomplished by three sets of calculations allof which are detailed in

Unit
and

Location

Value Types
Size

Class
Slope

Acres
Age

1 30 3 S 100
North 50 3 S 20

60 3 S 19

70 4 S 2

141

2 60 3 N 74
North 74

5 30 2 N 47
South 70 3 N 41

70 4 N 18

106

6 70 3 S 84
South 84

11 30 2 N 2
South 70 3 N 97

70 3 S 28

127
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Appendix B. These three sets were (1) calculation of volumes, (2)

calculation of stumpage values, and (3) calculation of present net

worths. The following discussion centers on each of these basic

calculations.

1. Calculation of Volumes.

Three kinds of volume data were required. These data were the

volume to be thinned, the volume expected at final harvest in a pre-

viously thinned stand, and the volume expected at final harvest in

an unthinned stand.

Problems arose immediately in trying to generate volume data. For

example, until stands were examined or thinned, the volume expected

from thinning was not precisely known. Moreover, virtually nothing

was known concerning stand response to thinning. Fortunately, the

Bureau of Land Management did have information which could be used to

simulate a thinnable types stand characteristics, its response to

thinning, and its condition at final harvest time. The only factors

that were required to utilize this information were average stand diam-

eter and site index by value type.

To obtain average stand diameter for a given value type, it was

first assumed that, all other things being equal, the average stand

diameter would increase with age. Furthermore, by definition, as the

size class number of a stand increases, so does the average diameter.

Some idea of the ranges of diameters needed could be ascertained by

the fact that in size class 2 stands diameters had to average under 12",

in size class 4 stands diameters had to average over 21", and size class

3 stands diameters had to average between l2-21'. By this deductive
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procedure, diameters were assigned to the various value types beginning

with an 8" minimum at age 30, size class 2 and ending with a 23" maxi-

mum at age 70, size class 4. Table 22 in Appendix B presents the

diameters for each value type.

The validity of diameters selected was verified by consulting

Tillamook project foresters and by examining inventory and sales data

to determine the correlation of diameter with age. Although data were

too meager to support statistical correlation, the trends evidenced by

the data showed diameter increasing with age.

Site index data were not available by value type; however, project

foresters specified an average site index of 150 (McArdle, Meyer, and

Bruce, 1961) that could be used for all value types. Another reason

for using this particular average was that the growth equations used

later were based upon it.

With average site index and average diameter specified for each

value type, the analysis could proceed either using information devel-

oped by the Bureau of Land Management or available from other sources.

Average height could be obtained from tables presenting height as a

function of age, site index, and average diameter. The average tree

volume could then be obtained from tables giving volumes as a function

of height and diameter. Tables presenting basal area per acre (McArdle,

et al., 1961) and average basal area per tree based on average diameter

(Dilworth, 1961) were used to determine trees per acre. Thinning

intensity was based on actual procedures and standards used by project

foresters. Value type volume, both before and after thinning, was
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projected to final harvest age using growth curves developed by the

Bureau for both thinned and unthinned stands.

In projecting growth of thinned stands, a correction factor is

used (see Appendix B, Calculation of Volumes, Step 14). This correc-

tion factor prevents the final harvest volume of a thinned stand from

exceeding the final harvest volume of anunthinned stand. In this

study, future benefits to thinning are assumed to be derived from

increased growth rates and higher stumpage values in thinned stands,

not from an increased capacity to carry growing-stock volume.

2. Calculation of Stumpage Values.

Stumpage values had to be estimated for thinning operations in

each value type and for final harvest operations in both unthinned and

previously thinned stands.

The standard Bureau of Land Nanagemnt (B.L.N.) procedure for

appraising timber sales was used in deriving the stumpage values used

in this study. Table 23 in Appendix B presents the major elements

(not included are road construction and maintenance costs) of the

appraisal format. The basic procedure is to begin with realization value

and make a series of cost deductions until a stumpage value is derived.

Data used in this analysis was taken from B.L.M. sources. Project

foresters provided information concerning realization values, milling

costs, and profit and risk margins employed at the time assumed for

the study. Harvesting cost data were obtained from the manual on

"Logging, Transportation and Contractual Costs" (Bureau of Land Manage-

ment, Schedule 15, 1967).
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For the calculation of stumpage values of future final harvest

volumes, constant prices and costs were assumed. However, a price

differential was derived for final harvest volume in previously thinned

stands. The differential was based on assumptions by project foresters

that previously thinned stands would be cheaper to harvest and would

yield, on the average, larger, higher quality, and thus more valuable

trees.

A more detailed presentation of stumpage value calculations is

presented in Appendix B.

3. Calculation of Present Net Worth.

The calculation of present net worth brings together the two pre-

vious sets of calculations. Information needed to conclude the evalua-

tion of value types by present net worth criteria include estimates of

administrative costs and specification of discount rate.

No special problems were encountered in obtaining this information.

Administrative costs per N bd. ft. had been previously developed for use

by project foresters in estimating the costs of developing thinning and

final harvest programs. Appropriate discount factors for use in B.L.M.

program evaluations are issued by the Department of Interior. The

discount factor specified for programs of the kind being evaluated in

this study was 4-5/8%.

The result of the calculation of present net worth is a per-acre

value assigned to each value type. A more detailed presentation of

these calculations is given in Appendix B.
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Evaluation of Units

By using acreage to weight the PNWT coefficient of each value type

found within a unit and by summing the weighted coefficients, the

present net worth of each unit was found. The calculation procedure

is outlined in detail in Appendix B.

Since the specific location of each unit was known, it was decided

to calculate a specific transportation cost for each unit. The program

modifications necessary to incorporate these specific transportation

costs are also detailed in Appendix B.

Pormulation of Constraints

Twenty constraints were developed under the constraint categories

listed in the last chapter. However, all 20 constraints were never used

at one time in any given program. Some of the constraints proved redun-

dant or infeasible under certain operating conditions. The 20 constraints

developed are listed as follows:

Chargeable thinning volume - upper limit.

Total thinning volume - upper limit.

Total thinning volume - lower limit

Thinning funds - upper limit.

Engineering funds - upper limit.

North side thinning volume - upper limit.

North side thinning volume - lower limit.

South side thinning volume - upper limit.

South side thinning volume - lower limit.
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Units 38 and 45 cannot be sold the same year.

Units 44 and 45 cannot be sold the same year.

Units 46 and 47 cannot be sold the same year.

North side units sold - upper limit.

North side units sold - lower limit.

South side units sold - upper limit.

South side units sold - lower limit.

North side sales below one million bd. ft. - lower limit.

North side sales above one million bd. ft. - lower limit

South side sales below one million bd. ft. - lower limit.

South side sales above one million bd. ft. - lower limit.

A short description of the nature and development of the con-

straints listed above follows.

Chargeable Thinning Volume

In practice, chargeable thinning volume and chargeable final

harvest (clearcutting) volume are interdependent. An increase in

volume harvested in one category will require a corresponding decrease

in the other category. Mathematically:

FCV + TCV = CV

chargeable volume from final harvests

chargeable volume from thinnings

total chargeable volume is constant for the

annual program

where

FGV =

TCV =

CV =
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The total chargeable volume (CV) is given to project managers as

an annual allowable cut by higher authority. However, the proportion

of total chargeable volume to be harvested in each category (FCV, TCV)

is determined by project managers.

In the chapter on formulation of models, the problem of determin-

ing chargeable thinning volume was discussed and was solved, for this

study, by assuming a specific final harvest volume was desired. Thus,

TCV = CV - FCV where CV and FCV are known.

The volume requirement derived for the chargeable thinning con-

straint was 7,400 M bd. ft. Value type coefficients were calculated

from the difference between volume at rotation age in a stand previously

thinned (Column 11) and volume at rotation age in a stand not previously

thinned (Column 12) as shown in Table 22 in Appendix B. The value type

coefficients derived for chargeable thinning volume are shown in Table 4.

The unit coefficients are presented in Table 26 in Appendix C.

* Chargeable volumes for high-lead yarding are, the same
as those for tractor yarding.

TABLE 4. CHARGEABLE THINNING VOLUMES IN N 3D. FT.
PER ACRE BY VALUE TYPE

Value type

Slope* VolumeAge Size

30 2 N 0

40 2 N 0

30 3 N 0

40 3 N 0

50 3 N 0

60 3 N 3.130

70 3 N 8.189

60 4 N 5.026
70 4 N 9.917
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Total Thinning Volume

In practice, chargeable thinning volume, nonchargeable thinning

volume, and total thinning volume are interdependent with nonchargeable

volume being specified, chargeable volume being a function of the age

and thinning intensity of stands chosen for nonchargeable thinning, and

total thinning volume being a sum of the other two factors. Mathe-

matically:

TCV + TNV = TV

where

TCV chargeable thinning volume

TNV nonchargeable thinning volume

TV = total thinning volume

In this study, total thinning volume is used as a constraint in

place of nonchargeable thinning volume which was described in the chapter

on model formulation. This substitution is made because the programming

procedures developed to generate objective function coefficients can

be easily modified to generate total volume coefficients. A separate

subroutine would be needed to calculate nonchargeable volume coeff i-

cients. This added calculation is considered unnecessary since a non-

chargeable volume constraint is automatically determined by TNV = TV -

TCV when TV and TCV are known.

The total thinning volume quota for fiscal 1969 was based on the

project's sale plan figure of 20,700 H bd. ft. The upper and lower

volume constraints were imposed since it was not reasonable to expect

actual cut to equal the quota, but instead to equal some figure near
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the quota. The manager was assumed to have some plus or minus toler-

ance range around the volume quota figure.

Initially a tolerance range of plus or minus 5% was allowed. Sub-

sequent tests showed, however, that for most situations encountered in

this study the lower limit was either not needed or had to be dropped,

while the upper limit could generally be set equal to the quota. It

was found that the upper limit was always constraining when sufficient

administrative funds were available. If sufficient funds were not

available, there was a strong tendency toward infeasible solutions if

the lower limit were imposed.

Volume coefficients for the value type approach were obtained

directly from the volume thinned column (Column 9) found in Table 22

of Appendix B. Age and size class were the sole determinants of the

volume thinned in a stand. Table 27 of Appendix C presents the total

volume harvested from each unit given the thinning percents shown in

Column 6 of Table 22 of Appendix B.

Funding

Funding available in fiscal 1969 for the preparation of thinning

sales was estimated at $73,000.

Value type coefficients were derived from administrative coats

per N bd. ft. developed by the B.L.N. for use in estimating the costs

of thinning programs. Administrative cost data are given on page 188

in Appendix B. Coefficients for each unit were derived by weighting

the cost per acre of each value type within the unit by the acreage of

the value type. The unit coefficients for administrative costs are

presented in Table 28 of Appendix C.
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Engineering administration funds for the fiscal 1969 thinning

program were estimated at $3,100.

Coefficients were derived for each unit by calculating the miles

of road required to develop the unit and multiplying this by an average

engineering administrative cost of $300 per mile. Table 29 of Appendix

C shows the amount of road and total engineering cost for each unit.

The engineering funds constraint was not used for the value type

approach. Road costs could only be made meaningful with respect to

specific units. The value type approach does not presuppose specific

cutting patterns.

North-Southside Thinning Volume

The Tillamook project is divided into two administrative areas with

a different forester responsible for each area. Both area foresters are

given separate and roughly equal volume quotas to prepare for sale. In

addition, the north-south separation of the project also represents an

approximate division between the Willamina-Sheridan market area to the

south and the Tillamook market area to the northwest. This set of

constraints can be visualized as serving both as an administrative

constraint and a market constraint.

Only upper limit constraints were necessary in assuring an adequate

quantity from each area. Northside volume was constrained not to exceed

12,500 N bd. ft. while southside volume was constrained not to exceed

10,000 N bd. ft. These limits were based on the thinning volumes

planned for harvest from the two areas as stated in the fiscal 1969

sale plan.
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Coefficients for value types and units were the same as those used

for total thinning volume constraints. The only additional effort re-

quired was to classify each unit and value type on the basis of its

location.

Harvesting Logistics

Occasionally it may be undesirable to thin particular combinations

of units in a single year. On the Tillamook project this happened in

the case of three pair of units, units 38 and 45, units 44 and 45, and

units 46 and 47. In each case proposed road construction was the com-

plicating factor.

The complication occurs when both units are to be served by a pro-

posed road system that must first be built across one of the units

before the other unit is reached. An added complication is that both

units must be sold separately. This means that the buyer who purchases

the last unit to be roaded must wait upon another operator to complete

the first road segment before his thinning operations can begin. This

is considered undesirable sales practice and must be prevented.

The general form of constraint equation to handle this problem is:

a1x + . . . + a1x

where

a1 1 for each x

x = unit involved in combination

Number of Units Sold

It was learned through experimentation that the main value of these

constraints, at least in the case study at hand, would be in specifying
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an exact number of units for sale. Otherwise, a combination of north-

south volume and size of sale constraints could be depended upon to

generate a satisfactory number of units. Since Tillamook managers did

not specify an exact number of units as being a managerial requirement,

unit constraints were not used in the formulations presented in this

report.

Size of Sales

Size of sales constraints, as with the unit constraints previously

discussed, were only applicable to the unit approach. Unit layouts and

sizes of units are decisions made outside the framework of the value

type approach.

The rationale for using size of sales constraints is that the manag-

er may want to assure a certain number of sales (units) either above

and/or below a given volume level. The unit volume level chosen for

this study as a breaking point between "large" and "small" sales was

1,000 M bd. ft. Furthermore, only minimum numbers were set for sales

either above or below this level. Thus for both north and south adminis-

trative areas, at least three sales had to include units with volumes

under 1,000 M bd. ft. while at least two sales had to include units with

volumes over 1,000 14 bd. ft.

Other Constraints

A number of constraints, presented in the last chapter, were not

used in the application of the value type and unit approaches to the

selection and planning of the project's thinning program. Several of

these unused constraints have been mentioned previously in this chapter.

Miong those not previously mentioned are considerations of size or age
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class, and multiple use considerations. Multiple use constraints were

not necessary for the apparent reason that potential thinning harvests

had no important impacts on other forest uses. Size or age class con-

straints were not used for the apparent reason that there simply was

no call for them.

One constraint set which was used, but was not previously mentioned,

was the constraint that prevents the solution vector of a linear program

from selecting for harvest more acreage of a value type than actually

exists. The general form of this constraint is:

a1x

where

= 1 for each

= acre of value type j
b = acres of value type x available for thinning

One of these constraints is used for each value type.

Selecting the Optimal Program

Optiinal programs were obtained for the value type approach by

linear programming and for the unit approach by integer programming.

Data used in these two approaches was derived from procedures and infor-

mation explained and presented in the first part of this chapter and in

Appendices A, B, and C.

The computer program used for solution of value type problems was

obtained through the Bonneville Power Administration. The program,

named LINPROG, was developed by Northwestern University for use in
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solving linear programming problems. LINPROG handles up to 125 variables

and 75 constraint equations and uses the simplex algorithm for the

generation of solutions.

The computer program used for the solution of unit problems was

obtained from the Rand Corporation. The program, which is described in

a user's manual (Geoffrion and Nelson, 1968) published by the Rand

Corporation, is a 0-1 integer linear progra

RIP3OC. Code RIP3OC consists of certain modifications of a basic Balas

algorithm which are designed to improve solution times with respect to

the number of variables used in a problem. The code will handle up to

90 variables and 50 constraints. Readers interested in the background of

this code should refer to Balas' (1965) original development of the 0-1

algorithm, Petersen's (1967) experience in testing variants of Balas

algorithm, and Geoffrion's (1967, 1969) work which led to the develop-

ment of RIP3OC.

Both the linear program and 0-1 integer program were run on a

CDC 6400.

Value Type Approach

Table 5 shows the results of using linear programming to select the

optimal program under the value type approach.

The total value of the program in terms of contribution to present

net worth of thinning was $1,126,151. This total included $666,643 in

net revenues immediately realized from thinning (RT) and $459,508 in

discounted future net returns attributable to thinning (RHT-RHW). Total

volume thinned was 19,854 N board feet, which was 846 N board feet short

of the total thinning volume quota, while chargeable volume was thinned

hulling code, referred to as



TA3LE 5 RESULTS OF SELECTING THE OPTIMAL PROGRAI"I OF THINNINGS
FOR THE VAIIJE TYPE APPROACH USING LINEAR PROGRAMMING

Value
Type
No.

Value Type
Description

PNWT
per acre

in dollars

Total
PNWT

in dollars

Constraints
Total Thinning

Volume
in bd. ft.

Chargeable
Volume

in bd. ft.

Adminis tra-

tive costs
in dollars

Acres
Available

Acres
Thinned

1 70-4-S-NO 758 2

2 70-4-N-NO 834 14,598 247,224 173,537 804 140 17.4989

3 70-4-M-SO 834 207,721 3,517,872 2,469,333 11,434 249 249

-- 1374 70-3-S-NO 644

5 70-3-S-SO 644 257

6 70-3-M-N0 713 884

7 70-3-N-SO 713 78,669 1,368,898 903,952 5,133 1,330 110.3861

8 60-4-N-SO 805 34,611 573,620 216,118 1,864 43 43

9 60-3-S-NO 597 126,020 2,414,895 660,430 9,056 211 211

10 60-3-S-SO 597 125,422 2,403,450 657 ,300 9,013 210 210

11 60-3-N-NO 676 421,743 7,141,680 1,953,120 26,782 624 624

12 60-3-N-SO 676 79 ,077 1,339 ,065 366,210 5,022 117 117

13 50-3-S-SO 454 9,077 196,200 834 20 20

14 50-3-N-SO 526 3,685 68,670 292 7 7

15 40-3-s-SO 279 31

16 40-3-N-SO 331 25,528 582,420 2,766 249 77.1622

17 40-2-N-NO 189 38

18 40-2-N-SO 189 23

19 30-3-S-NO 128 100

20 30-3-N-SO 160 16
- - 8421 30-2-N-NO 40

22 30-2-N-SO 40 396

Total North --562,361 9,803,799 2,787,087 36,642 2,220 852

Total South 563,790 10,050,195 4,612,913 36,358 2,948 834

Grand Total --1,126,151 19,853,994 7,400,000 73,000 5,168 1,686

Constraint Requirements Total 20,700,000 7,400,000 73,000
North 10,000,000
South 12,500,000
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up to the limit of 7,400 M board feet. Funds budgeted for administra-

tive costs were used up entirely.

Table 5 shows that of the three variables used to classify value

type, age had the greatest influence in the prograitnued solution. Note

that all the acreage of 60-year-old types was selected for thinning.

Age overrode consideration of size class and topography. For example,

all of type no. 9, which is age 60, size class 3 with steep slopes, was

selected, while most. of type no. 2, which is age 70, size class 4 on

moderate slopes, was left unthinned. Yet type no. 2 is valued at $834,

while type no. 9 is valued at $597.

The selection of lower valued younger stands in preference to

higher valued older stands can only be attributed to the constraints

used in this particular formulation of the problem, for if there were

no constraints the highest valued stands, which in this case are the

older stands, would surely be selected. The role of constraints in

linear programming is then dramatically revealed in Table 5, where

only 420 acres out of 3,042 acres of the six most highly valued types

(nos. 1, 2, 3, 6, 7, and 8) are selected for thinning.

Examination of the constraints shows that only chargeable volume

and administrative cost requirements are constraining the solution.

The budget constraint is probably responsible for the 846 M bd. ft.

deficit in the total thinning volume quota, for if sufficient funds

were available, more volume could be obtained from the 30- and 40-year

age classes without any impact on chargeable volume. The chargeable

volume constraint is probably responsible for a good part of the effect
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of younger age classes being chosen because of the considerable amount

of chargeable volume found in the 70-year age class. Since over half

the volume thinned from the 70-year age class is chargeable volume,

a solution involving only 70-year-old types would not even reach

15,000 M bd. ft. in total thinnable volume before the chargeable

volume limitation was reached. Obviously, this solution can be bettered

by substituting 60-year-old stands, in which chargeable volumes are a

much smaller portion of the total volume, but PNWT values are only

slightly different from 70-year-old stands.

The effects of relaxing these constraints on program values and on

the distribution of the cut among value types will be discussed in more

detail in the section on constraint testing.

Unit Approach

Table 6 shows the results of using 0-1 integer programming to

select the optimal program under the unit approach.

The total value of the program in terms of contribution to present

net worth of thinning was $1,117,757, $8,394 less than the total value

of the value type approach. The total volume thinned was 19,474 N bd.

ft. This was 1,226 N bd. ft. short of the total thinning quota and

380 N bd. ft. less than total volume obtained under the value type

approach.

As in the value type approach, the chargeable volume and thinning

administration requirements seem to be constraining the solution. Also

possibly constraining the solution is the size of sale constraint (see

page 93) requiring at least two units to be selected from the southside



ThBLE 6. RESULTS OF SELECTING THE OPTIMAL PROGRAM OF THINNINGS
FOR THE UNIT APPROACH USING 0-1 INTEGER PROGRAMMING

20,700.0

Engineering Thinning

Unit Unit Unit pwn' Unit Volume Unit Volume Chargeable Administrative Administrative Acres

No. Location in dollars in N bd. ft. in N bd. ft. Volume Costs Costs Thinned
Northside Southside in N bd. ft. in dollars in dollars

2 N 49,638 846.9 231.6 0 3,176 74

21 N 128,292 2,140.2 -- 585.3 396 8,026 187

22 N 99,421 1,671.0 -- 457.0 342 6,266 146

23 N 25,384 423.5 115.8 69 1,588 37

27 N 55,839 938.5 256.7 354 3,519 82

28 N 116,627 2,197.5 601.0 450 8,240 192

29 N 31,558 526.5 144.0 99 1,974 46

30 S 49,995 949.9 259.8 114 3,562 83

31 S 82,996 -- 1,627.1 397.5 312 6,275 150

32 S 36,399 621.9 304.4 0 2,332 52

34 N 17,705 297.6 81.4 84 1,116 26

37 N 31,030 519.5 281.3 84 1,786 40

38 S 166,262 2,902.5 1,458.3 285 11,156 253

41 S 53,340 904.7 605.6 0 3,294 71

43 S 57,900 988.0 659.5 30 3,620 78

47 S 56,825 956.7 637.7 240 3,202 71

48 S 58,546 962.3 310.0 30 3,367 79

Subtotals 9,561.2 9,913.1

Grand Total 1,117,757 19,474.3 7,386.9 2,889 72,499 1,667

Constraint
Requirements 10,000.0 12,500.0 7,400.0 3,100 73,000
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in the over one million board-foot category. While the requirements

for the other three size-of-sale constraints are more than satisfied,

the requirement for two units of over one million board feet from the

southside is exactly satisfied, indicating that a lesser number of

units might be selected if the constraint were relaxed.

Table 7 shows that the distribution of cut according to value

types is very similar under both approaches. The differences can

partly be attributed to the discrete nature of the unit approach as

opposed to the continuous nature of the value type method. There may

also be some effect from the larger number of constraints found in the

unit approach.

The effects of changes in constraints under the unit approach will

be discussed in detail in the section on constraint testing. Differ-

ences in results between the value type and unit approaches will be

discussed and interpreted in the next section.

TABLE 7. CaPARISON OF THE ACREAGE OF VAUJE TYPES
SELECTED UNDER ThE VALUE TYPE AND UNIT
APPROACHES

Value Type Value Type Acres Unit Acres

70-4-H 266.5 110

70-3-H 110.5 309

60-4-H 43 43

60-3-S 421 402

60-3-H 741 732

50-3-S 20 0

50-3-N 7 0

40-3-S 0 23

40-3-N 77 48

Total 1,686 1,667



Comparison of Selection Methods

One of the objectives of this study was to compare the results of

the value type approach with the results of the unit approach. Further,

the results from these two approaches were to be compared with the

actual thinning program planned for the Tillamook project in fiscal

1969.

In order to implement this objective, the value type and unit

approaches were formulated as explained previously, while the actual

thinning program was obtained from the Tillamook project's fiscal

1969 timber sale plan. The timber sale plan, prepared in the spring of

1968, presents information on the location, estimated chargeable and

nonchargeable volumes, required road construction, and type of harvest

activity (i.e., clearcutting, thinning) for each proposed timber sale.

Moreover, information is categorized by the major north-south division

of the Tillamook project.

Field Selection Procedures

In developing their timber sale plan, Tillamook project foresters

are guided in their selection of thinning programs by a number of

intuitive and explicit considerations, which for lack of a better term

might be categorized as "rules of thumb." Some of the more important

of these considerations are listed below.

1. Oldest stands are thinned first. For example, stands aged 70

would tend to be cut before stands aged 60.

101
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Larger diameter classes are preferred over smaller classes. For

example, a stand 60 years of age in size class 4 would be pre-

ferred to a stand 60 years of age in size class 3.

Stands on gentle slopes are preferred to stands on steeper slopes.

Apart from considerations of future sales development in inaccess-

ible areas, stands gain in preference as the amount of road con-

struction requiied to develop them decreases.

Stands where access rights are clearly established are preferred

to stands where access rights are not clear or not yet established.

Stands gain in preference as their degree of stocking increases.

Especially small tracts (generally under 20 acres) of thinnable

type tend to be avoided in preference for larger tracts.

Where property lines are important, stands with established corners

are preferred to those with ill-defined corners.

The major emphasis of the eight points listed seems to be on rapid

processing of thinning sales (points 3, 4, 5, 7, and 8) and the obtain-

ing of sufficient volume to meet the thinning quota (points 1, 2, and

6). The use of monetary criteria doesn't seem at all involved in the

selection process, although it is clear that many of the points men-

tioned involve implicit consideration of costs and benefits. Unfor-

tunately, these considerations are not brought together in a unified

manner that effectively expresses the monetary values associated with

specific thinning operations.

Problems of Comparison

In order to make valid comparisons of the three selection methods,

each approach had to be evaluated in similar terms. Previously we have
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seen that value types are evaluated by a present net worth per acre

value, while unit values are merely a summation of value type coeff i-

cients weighted by acreage. Likewise, it was decided to evaluate

thinnings chosen for the actual sale plan by the same present net

worth per acre values as were used to evaluate value types and units.

Constraints for all three approaches were also made as similar as

possible.

A major problem in comparing methods was in translating the

Tillamook project sale plan information into data that could be

evaluated by value type procedures. This meant that each proposed

thinning sale had to be stated in terms of value type acreages. In

order to do this, the approximate locations of the sales were obtained

from the sale plan. Since logical thinning units had been previously

established for the unit approach by project foresters, these units

could often be used as proxies for the eventual sales layout. In

many cases the unitscorresponded very closely to proposed sales with

value type acreages almost identical. In other cases, units had to be

supplemented with additional acreage in order to bring the sale up to

its assigned volume. When additional acreage was required and there

was also a choice between two or more value types, the choice was

guided by the eight points previously listed. This usually led to the

inclusion of the highest valued types present.

Another major problem involved the application of uniform con-

straint coefficients and requirements to all three approaches. No

great difficulties were encountered when comparing the unit and value



104

type approaches. Certain unit constraints are not applicable to the

value type approach, but essentially the two approaches are similar.

The major difficulty arose when the sales plan program was com-

pared to the other two approaches. Although constraint requirements

and coefficients were made nearly identical for all three approaches,

the constraint coefficients that actual1 guided the selection of the

sale plan may have been quite different from those used for purposes

of comparison.

When selecting stands for inclusion in the thinning program,

managers will often possess some knowledge of the stand that is not

recorded. Their choice of stands to include in the sale plan will be

influenced by this knowledge.

For example, they may know that a particular stand is more heavily

stocked than average and thus should be more heavily thinned. The

heavier thinning will cause departures from the average constraint

coefficients related to thinning costs, chargeable volume, and total

volume. The impacts these departures can have on attempts to compare

selection methods based on average values will be seen in the follow-

ing section.

Comparing Selection Methods

The results of the value type approach and the unit approach shown

in Tables 5 and 6 were compared to the Tillamook project's fiscal 1969

thinning program. The conversion of the actual sale plan toequivalence

with the programmed approaches is shown in Appendix D.

Table 8 shows the comparisons of results for the three approaches.



TABLE 8. COMPARISON OF RESULTS OF SELECTING A THINNING
PROGRAM FOR FISCAL 1969 BY THREE METhODS
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The results show that the greatest value was generated by the plan, but

this was accomplished by ignoring the constraint levels related to

chargeable volume and thinning administrative costs. The reason for

the apparent constraint violation may be related to the problem discussed

in the preceding section, i.e., the possession, by managers, of knowledge

not incorporated into the evaluation models used for the value type and

unit approaches. Given this special knowledge, the evaluation models

might be reformulated so as to produce constraint coefficients that

would conform to constraint limitations. However, to use this special

knowledge would probably necessitate a program of stand examinations if

all alternatives were to be evaluated equally. Such a program is beyond

the scope of this study.

Rather than try to reach conformity through reformulation of con-

straint coefficients, we can try for conformity through equalizing

constraint levels. To do this we set constraint levels for the value

type and unit approaches equal to those levels achieved by the sale plan

PNWT Thinning Total Total Engineer- PNWT

Selection .in Administra- Volume in Chargeable ing Costs Deviation
Method Dollars tion Costs M bd. ft. Volume in in from Plan

in Dollars M bd. ft. Dollars in Dollars

Plan 1,192,815 76,296 20,622.0 12,070.2 1,545

Value
type 1,126,151 73,000 19,854.0 7,400.0 -66, 664

Unit 1,117,757 73,000 19,474.3 7,386.9 2,889 -75,058

Constraint
Levels -- 73,000 20,700.0 7,400.0 3,100
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selection. In the case of thinning administration costs the new level

will be $76,300 rather than $73,000, while the new chargeable volume

level will be 12,100 N bd. ft. rather than 7,300 M bd. ft.

Table 9 presents the data for the new adjustments. The results

now show that the mathematical programming approaches produce higher

valued programs, which is as it should be, since these are optimizing

models.

ThBLE 9. ADJUSTED COMPARISON OF RESULTS OF SELECTING A
THINNING PROGRAM FOR FISCAL 1969 BY THREE METHODS

The results in this case are not dramatic in showing the superiority

of mathematical programming as an optimization technique, but the results

do show that a greater present net worth could be obtained through mathe-

matical programming for smaller expenditures of administrative funds and

for a smaller volume of chargeable volume. A problem with this approach

is that with chargeable volume variable, a true picture of the program

value achieved exclusively by thinning cannot be determined since

chargeable volume is interrelated with final harvest volume, i.e., any

chargeable thinning volume over the 7,400 N bd. ft. constraint level

ENWT Thinning Total Total Engineer- PNWT

Selection in Administra- Volume in Chargeable ing Costs Difference
Method Dollars tion Costs N bd. ft. Volume in in from Plan

in Dollars Nbd. ft. Dollars in Dollars

Plan 1,192,815 76,296 20,622.0 12,070.2 1,545

Value
type 1,213,366 74,166 20,700.0 10,423.0 +20,55 1

Unit 1,214,251 75,845 20,695.2 10,249.6 2,520 +21,336

Constraint
Levels -- 76,300 20,700.0 12,100.0 3,100
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shown in Table 8. must be borrowed from the final harvest program, thus

reducing the value of this program.

A comparison of procedures was also undertaken for another se.t of

assumptions. Rather than use a rotation age of 80 years as a basis for

projecting growth and determining the discount period, the actual

expecte4 final harvest age for each age class on the Tillamook project

These listed as follows:was used. cutting ages are

These deviations from the 80-year rotation age result from a

preponderance of 70-year-old types which will require about three

decades to cut over. Of course, this will also delay final harvests

of younger stands.

One advantage in using assumptions based on the actual final

harvest ages shown above is that chargeable volumes are eliminated.

This elimination results from the longer growing period each stand has

to recover from initial thinning, e.g., in the case of 70-year-old

stands, instead of 10 years, 25 years pass before final harvest. In

Appendix E, Tables 31, 32, and 33 show the data used under this partic-

ular set of assumptions. In Table 31 the difference between Columns 11

and 12 show that chargeable volume is zero for each type. With

Expected
Age Class Cutting Age

30 87

40 94

50 101

60 105

70 95
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chargeable volume eliminated the interrelationship with final harvest

volume need not concern us. Thinning volume and final harvest volume

become independent entities.

Table 10 shows the results of the comparison of methods based upon

the different set of assumptions.

TABLE 10. CPJ½RISON OF RESULTS OF SELECTING A ThINNING
PROGRMI FOR FISCAL 1969 BY THREE METHODS
ASSUMING ACTUAL EXPECTED CUTTING AGE

The value type approach shows a 7.77 improvement over the sale plan

selection while the unit approach shows a 6.77 improvement over the plan.

The thinning cost constraint had tO be relaxed again from its initial

level of $73,000 to allow equal comparisons. Total thinning and

engineering administrative costs for the unit approach are $176 greater

than costs for the sale plan while value type costs for thinning admin-

istration are about $1,400 less than sale plan costs.

Not much has been said about the differences between the value

type and unit methods. One would expect, given equal constraints, that

the value type method would generate greater values than the unit

approach. The reason for this is that structuring the forest into units

PNWT Thinning Total Engineer- PNWT

Selection .in Administrative
i

Volume in ing Cost Difference

Method Dollars Costs I

in Dollars
bd. ft. in

Dollars
from Plan B
in Dollars

Plan 1,213,551 76,296 20,621,000 1,545

Value
type 1,306,833 74,868 20,700,000 93,282

Unit 1,295,522 76,322 20,696,800 1,695 81,971
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in effect imposes additional constraints on choice of areas to thin.

The data from Tables 8 and 10 support this hypothesis in that the value

type approach generates $8,394 and $11,311 greater PNWT values than the

unit approach. However, in Table 9 the unit approach is $785 greater

in value. The only explanation for this apparent discrepancy is that

units were evaluated individually with respect to transportation costs

(Appendix B) whereas value types were evaluated on an average transpor-

tation cost figure. Apparently the units chosen had, on the average,

lower transportation costs and thus higher PNWT values.

As a rule though, we can expect the value type approach to gener-

ate somewhat greater values than the unit approach. The unit approach,

however, may be the more realistic approach since more constraints can

be incorporated into it than can be incorporated into the value type

approach. This means that if the value type approach were used in

practice, constraints would need to be imposed and program value would

be later reduced when actual harvesting units were selected in the

field.

Summary and Conclusions

Although painstaking effort was made to correctly model the Tilla-

mook project thinning program planning system for mathematical program-

ming analysis, valid comparisons could not be made.

With the first series of assumptions shown in Tables 8 and 9, con-

straints were apparently ignored in the sale plan. Of course, this was

untrue. Constraints were not ignored, indeed the information available

to the planners may have been more accurate relative to given stands
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than the information used in the programming approaches. Unfortunately,

this information could not be used in the programming approaches as the

degree of knowledge possessed by foresters concerning individual stands

varied widely. A program of stand examinations would have been helpful

to obtain a more intensive yet uniform set of data for all thinnable

types, but this was beyond the scope of the study.

The second series of data shown in Table 10 eliminates the problem

of chargeable volume; however, the validity of this approach is also in

question since project planners did choose their thinning program with

chargeable volume in mind.

Fortunately, the value in these comparisons was not just in demon-

strating the superiority of mathematical programming techniques over

hand methods in the ability to optimize. The real question is, do the

systematic methods bring about improvements over existing methods? One

measure of improvement is, of course, in terms of the value of the pro-

gram. As we have seen, the results of these tests were inconclusive.

The inconclusiveness in turn was related to the lack of sufficient

useful data. But the fact that results could not be compared reveals

certain deficiencies in current planning methods.

One of these deficiencies is that much information upon which plan-

fling is done is not documented. Information resides in the experience

of foresters working on the project and presumably departs the district

when they leave. Another characteristic is the unevenness in quantity

and quality of information concerning various alternatives. This

results in a planning system such as devised for this study which
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operates with the barest of data. Furthermore, possible inconsistencies

in sales plans are more likely to occur since data is not treated in a

documented, systematic manner. For example, the excessive budget

expenditures indicated by the sale plan alternatives in this section

may have reflected an actual overcomniitment of funds to the thinning

program.

The iinprovements gained from substituting prograuuiting approaches

for current methods may come from the necessity of documenting informa-

tion for decisionmaking. Purposeful documentation improves continuity

of operations by providing new personnel with useful information based

on the work of their predecessors. A systematic planning framework can

also help managers focus on important decision variables, operational

constraints, and the interrelationships between them. This in turn can

improve the consistency of decisionmaking and planning.

Testing of Constraints

Background

Donnelly (1963) and Wardle (1965) among others have noted the

apparently small improvemement in mathematical programn-iing results.

Donnelly coiiuiients,

The direct savings from mathematical programming are rarely
dramatic. The cost savings rçported in forestry, like those
reported in other industries-a! are about five percent. Yet
these savings are not contemptible. For example, five percent
of a million dollar wood bill is a respectable sum of money.

Dorfman, Robert. 1960. Operations Research. imerican
Economic Review 50: 575-623.
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In Wardle's study only a 1% improvement was obtained from linear

programming procedures. Wardle comments upon this apparent weak

showing,

As has been demonstrated however, the results of this analysis
is not only an optimum programme of treatments, which in itself
may have been difficult to arrive at in the absence of the
analysis, but also information about the effect of changes in
the programme on the result. In many cases it may be that this
tsensitivity analysis--the information about the value of change
in constraint or introducing new activities--may be the most
valuable information resulting. It is this information which
provides critical guidance on the direction management should take.

In the remainder of this section and the next, the additional infor-

mation referred to by Wardle will be discussed in terms of the results

obtained on the Tillamook project.

The Simplex Tableau

A standard computational procedure known as the simplex algorithm

is used in this study for the solution of linear programs. The standard

computational form (tableau) of this algorithm is shown in Table 11.

TABLE 11. THE STANDARD COMPUTATION PORN (TABLEAU)

OF ThE SIMPLEX ALGORITHM*

* Table 11 is based on tables presented by Heady and Candler
(1958, p. 61) and Llewellyn (1964, p. 117). The numbers used are
from Llewellyn's example.

C

C1 b

Disposal
Activities

P4 P5 P6

Real
Activities

100 200
P1 P2

50
P3Solution

50 X3 50 .1 0 -.1 -.5 0 1

0 X5 950 -.5 1 -1.1 -3.5 0 0

200 100 0 0 .2 1 0

22,500 5 0 35 375 200 50

C-Z -22,500 -5 0 -35 -275, 0 0
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The final tableau of the simplex algorithm, depicted in Table 11,

contains information, in addition to an optimal solution, which may be

of value to managers. First, however, an explanation of the symbols

used in the table is in order.

= a column or vector heading representing some real alternative

where j = 1, 2, 3 and representing some slack variable where

= 4, 5, 6.

b = the column (vector) indicating the level of activity for

each real or slack variable in the solution column.

C = the column (vector) indicating the per unit value

associated with each variable in the solution.

= the per unit value of each of the alternatives where

j = 1, . . . , 6.

Natrix elements are the three rows listed below the column

headings. These elements represent substitution rates between the

solution variable of a given row and the variable of a particular

column. For example, the number 2 circled in the table indicates

that two units of must be sacrificed for producing an additional

unit of X1 (as represented by P1).

Z, = indicates the cost of producing one more unit of an alternative

P. It is obtained by multiplying each element i in a column

by its corresponding C. and then summing the results.

14athematically: Z = z(C1)(P1).

C-Z = indicates the amount by which profit is increased or

decreased by producing one more unit of an activity P.
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The use of the simplex tableau in thinning program planning can be

illustrated by using, as an example, the optimal solution obtained for

the value type approach shown on pages 95 and 97.. In that section it

was mentioned that the constraints on chargeable volume and administra-

tive costs were most limiting. With use of the simplex tableau we will

be able to determine not only the degree of constraint restrictiveness,

but also the program elements that are responsible. In Table 12 the

final simplex tableau values of the optimal solution shown on page 96

are given for six selected variables among which are slack variables

representing the two aforementioned constraints.

The solution column of Table 12 presents all variables in the

final solution and the b column indicates the optimal level of each

variable. Both real and slack variables are included. For example,

249 acres of X(3) are indicated for thinning while the slack variable

X(29) indicates that none of the 137 acres of variable X(4) (of which

X(29) is the slack) should be thinned. The various P columns repre-

sent the following activities:

Activity

4 Thin value type 4 (70-3-S-No)

11 Thin value type 11 (60-3-M-No)

21 Thin value type 21 (30-2-M-No)

48 Total thinning volume available

51 Administrative funds available

52 Total chargeable thinning volume available.
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TABLE 12. A SAMPLE OF VARIABLES AND VALUES FRC A FINAL ThBLEAU

OP A SIMPLEX SOLUTION TO THE VALUE TYPE APPROACH

Solution
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Z $1,126,151

C-Z -$1,126,151

Disposal Activities Real Activities

P(48) P(51) P(52) p(4) P(11) P(21)

0 0 0 0 0 0

0 0 0 .8778 0 .1874

0 0 0 0 0 0

0 0 0 1.0 0 0

0 0 0 0 0 0

0 0 0 0 0 0

0 0 -.1221 .0630 0 .2270

0 0 0 0 0 0

0 0 0 -.8778 0 -.1874

0 - .0279 .1584 - .2544 0 -.4421

0 0 .1221 -.0630 0 -.2270

0 0 0 0 0 0

0 0 0 0 0 0

0 0 0 0 0 0

0 0 0 0 0 0

0 .0279 -.1584 .2544 0 .4421

0 0 0 0 0 0

0 0 0 0 0 0

0 0 0 0 0 0

0 0 0 0 0 0

0 0 0 0 0 1.0

0 0 0 0 0 0

1.0 -.2105 -.3188 -1.1395 0 -.5219

0 0 0 0 1.0 0

0 -.2105 -.3188 -1.1395 0 -.5219

0 0 0 0 0 0

0 0 0 0 0 0

0 9.2285 34.6253 771.5413 675.87 140.8463

0-9.2285 -34.6253 -127.4013 0 -100.7163

0 X(26) 2.0000

834.22 X(2) 17 .4989

834.22 X(3) 249.0000

0 X(29) 137.0000

0 X(30) 257.0000

0 X(31) 884.0000
0 X(32) 1219.6139

804.91 X(8) 43.0000

0 X(27) 122.5011

0 X(41) 171.8378

712.67 X(7) 110.3861
675.87 X(12) 117.0000

453.86 X(13) 20.0000

52645 X(14) 7.0000

0 X(40) 31.0000

330.84 X(16) 77.1622

0 X(42) 38.0000
o X(43) 23.0000

0 X(44) 100.0000

0 X(45) 16.0000

0 x(46) 84.0000

0 X(47) 396.0000
0 X(48) 1276.0276

675.87 X(11) 624.0000
0 X(50) 2576.0276

597.25 X(10) 210.0000

597.25 X(9) 211.0000
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Under each P column are listed numbers relating the quantity of

a row element (solution variable) that must be sacrificed in order to

obtain one unit of a particular P. The numbers can be referred to as

substitution rates. Positive numbers indicate the proportion of the

solution variable to be given up, while negative numbers indicate corn-

plementarity, i.e., the solution variable will be increased by intro-

ducing one unit of the nonsolution variable. The Z value for a

particular P results from a summation of the products of multiplying

substitution rates by their appropriate C1 . The Z represents the total

cost of making changes in the solution column as a result of introducing

one unit of P. The C-Z represents the change in total program value

associated with a particular P. It is also referred to as the oppor-

tunity cost.

Six examples of Ps's are given in Table 12. Activity P(4) and

P(2l) are representative of activities not in the solution column. Both

activities would result in reductions in the total value of the optimal

program if they were forced into the solution. Activity P(ll) would not

involve any opportunity cost since is already in the solution.

Forcing an additional unit of into the solution would result in the

dropping of one unit of X already in solution. The net result would

be zero.

Activities P(48), P(5l), and P(52) represent slack variables

associated with constraints. As such their opportunity costs can be

conversely interpreted as imputed factor values (sometimes called shadow
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prices)..V Imputed factor values are the implied values of those

factors that are constraining the optimal solution. Where opportunity

costs quantify the effect of forcing one unit of slack (where constraints

are involved) into the final solution, the imputed factor value quanti-

fies the effect of relaxing the constraint requirement by one unit,

thus increasing the amount of slack avai'able for use by real variables.

Activity P(48) represents the slack variable for total thinning

volume. As was noted on page 97 this constraint is not limiting. In

Table 12 X(48) can be seen in the solution column thus indicating that

it is not a scarce (limiting) resource. The opportunity cost and im-

puted factor value for X(48) are zero as would be expected for any slack

variable appearing in the final solution.

Activities P(51) and P(52) are not in the solution column, thus

indicating that they represent scarce resources with positive opportunity

costs and imputed factor values. As a matter of fact, the C-Z, row

indicates a $9.23 value for P(51) and a $34.63 value for P(52). It is

interesting to examine the values for these two activities, espe-

cially in terms of imputed factor values.

Activity P(5l) represents unused administrative funds. However,

since X(51) does not appear in the solution column and it has a nonzero

C-Z value, we can assume that administrative funds were exhausted in

the resulting solution. We might be interested in knowing what we might

Heady and Candler (1958, p. 85) refer to these as the marginal
value products. This terminology is avoided here as its meaning is
unclear.
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gain from additional funds. The imputed factor value for P(51) tells

us that an additional dollar in administrative funds will result in

a benefit of $9.23.1 By examining the substitution rates we can

determine how this will be done. It will be accomplished by thinning

additional amounts of X(l6) (value type: 40-3-N-S) thus reducing the

amount of slack X(41). In addition, the total volume thinned [X(48)]

will be increased as will the volume cut from the south side [X(50)].

Activity P(52) represents unused chargeable volume. As with

administrative funds, this volume constraint was also exhausted and is

thus a limiting constraint. The imputed factor value for allowing an

additional one thousand board feet of chargeable volume is $34.63.

This will be done by increasing X(7) (value type: 70-3-M-S) while re-

ducing its slack X(32), decreasing X(l6) while increasing its slack

X(4l), and by increasing total volume and south side volume.

The preceding interpretation of the data from the simplex tableau

confirms the tentative conclusions drawn on page 98 that the charge-

able volume constraint forced selection of younger age classes. In

the discussion above, an increase in administrative funds allowed

additional 40-year-old type to be thinned while an increase in the

chargeable volume allowance resulted in the 40-year-old type being

dropped in favor of a 70-year-old type.

The preceding discussion summarizes the more important aspects of

Of course, this benefit occurs at the margin. It is not
expected that this benefit will continue indefinitely as dollars of
cost are added. Eventually the benefit will diminish and disappear.
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using the simplex tableau. It is evident that much more information

than just the optimal solution can be gleaned from the final tableau

of the simplex algorithm. Unfortunately, this is not equally true for

the 0-1 integer programming algorithm. The solution to a 0-1 integer

rogram is derived by mathematical procedures which do not result in

a final tableau matrix; thus the analytical power inherent in the

final tableau of the simplex method is not available in the 0-1 integer

program. However, analytical work involving the optimal solution can

be carried out for both programming methods by making changes in

original program assumptions or constraint levels and by then rerunning

the program and comparing results. These procedures are known as

sensitivity analysis and are the subject of the remainder of this

chapter.

Sensitivity Analysis - Unit Approach

The lack of a final tableau need not entirely hamper analytical

work involving integer programming constraints. Considerable information

can be obtained by changing selected constraint requirements of the

original program and by rerunning the problem to obtain a new solution.

Such a process is called sensitivity analysis. In general, sensitivity

analysis involves determining the degree of change in the objective

function caused by changing a given constraint or variable within the

original program. With such information, managers can learn which

constraints are most restrictive to the firm's objectives and which

variables have the most important influence. Moreover, this information

may result in changes in operational decisions leading to more effi-

cient resource allocation and data collection.
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In order to illustrate how sensitivity analysis might be used to

analyze constraints involving thinning programs, several tests were

made involving constraint changes in the optimal program shown in

Table 6 on page 99 (henceforth referred to as the base program). In

Table 13 the constraints used in each test are designated by the

letter K. Table 14 shows the levels reached by each of these con-

straints in each test..'

Our analysis can begin with the final solution of the base pro-

gram. Constraints used in the base are indicated by an K in the base

column of Table 13. The type of constraint and its level within the

program are given in the "type of constraint - level of constraint"

column corresponding to a given row. In the base row of Table 14,

the actual numerical level reached by the program can be determined for

each constraint. Examination of numerical levels reveals that possibly

An interesting managerial problem arising from the base solution

is the failure to achieve the 20,700 N board foot total thinning volume

quota. The optimal solution results in a thinning harvest over 1,200 N

board feet under the desired amount. One or more of the four constraints

A few constraints from the base program are not included in
the tables as they were not subjected to testing.

four constraints are actually limiting the solution. These are:

1. Northside volume 9,561.2 10,000

2. Chargeable volume 7,386.9 7,400

3. Thinning funds 72,499 73,000

4. Southside sale size 22



TABLE 13. CONSTEAINTS USED IN INTEGER PROGRAM TESTS
BASED ON DATA DEVELOPED IN APPENDIX B
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Type of Constraint
Level of Constraint

Test Number

Base12]3[4t516
Total Volume

20,700 NBF x x x

North Volume
10,000 MBF x x x

South Volume
12,500 MBF x x x

Thinning Funds
$73,000 x
$78,000

x x
x x

Engineering funds
$3,100 x x x x

Chargeable Volume
7,400MBF x x x x x x x

Northside Sales
<1 MMBF &
>1 NNBF

3 x x x x x x

2 x x x x x x

Southside Sales
< 1 NMBF &
> 1 NNBF

3 x x x x x x

2 x x x x x x



TABLE 14. LEVELS REACHED BY CRIGINAL BASE PROGRAN CONSTRAINTS IN SUBSEQUENT
INTEGER PROGRMI TESTS

Thinning Engin. Northside Southside

Test Total
Volume

Northside
Volume

Southside
Volume

Chargeable
Volume

Funds Funds Sale Size Sale Size PNWT Difference
Test - Base

<LMN.>114N <1MM >1MM
in

Dollars
Number

in MBF in NBF in MBF in MBF
in in

in Dollars
Dollars Dollars BF

L
EF BF BF

Base 19,474.3 9,561.2 9,913.1 7,386.9 72,499 2,889 6 3 6 2 1,117,757

1 19,474.3 9,561.2 9,913.1 7,386.9 72,499 2,889 6 3 6 2 1,117,757 0

2 20,677.4 9,561.2 11,116.2 7,337.3 78,376 2,766 6 3 6 4 1,162,839 45,082

3 19,530.1 10,429.3 9,100.8 7,397.6 72,945 2,913 7 3 4 3 1,117,940 183

4 22,163.9 11,495.8 10,668.1 7,368.6 85,632 4,038 9 3 7 3 1,213,266 95,326

5 20,612.1 10,112.7 10,499.9 7,379.2 77,749 3,069 7 3 7 3 1,164,142 46,385

6 20,681.0 11,257.8 9,423.2 7,362.1 77,759 3,339 8 3 6 2 1,166,399 48,642
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listed above is responsible for the deficit. Sensitivity analysis will

reveal which are responsible.

The analysis of the problem begins by relaxing the constraint on

southside sale size. This will allow less than two of the larger sized

units (>INMBF) to be selected if this will improve the solution. The

results of a southside constraint relaxation were obtained from a test

in which all sale size constraints both north and south were dropped.

The results showed no improvement either in PNWT or in total volume

thinned. (See Test 1 Tables 13 and 14).

The next test (test 3) relaxed all constraints related to total,

northside, and southside volume. The results showed that about 800 M

board feet could be more profitably cut from the northside than the

southside, but at a profit of only $183. Besides, only a negligible

improvement could be obtained for total volume while administrative

expenditures for thinning and engineering would have to be raised by

nearly $500.

The question of what improvements might be expected if money were

not limiting was answered by removing constraints on thinning and

engineering administrative funds (test 2). The results showed that for

additional expenditures of $5,754 an improvement in program value of

$45,082 could be expected. In addition, the total volume thinned

increased substantially so that this requirement could be considered

as fulfilled.

These tests give the manager valuable information. They tell him

that given his original administrative funds, he cannot expect to
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fulfill his thinning volume quota. This is a serious deficiency to

Tillamook project managers as well as to other sellers of public

stumpage. Furthermore, the manager has learned that his operational

policies of dividing the district into north and south administrative

units and of offering sales in two size classes are sound.

The manager might be further interested in the results of manage-

ment strategies based on differing constraint assumptions. For example,

what would be the result if all restrictions related to funds and

volumes were lifted save for the constraint on chargeable volumeii

The results (test 4) show a potential thinning volume 1,464 H

board feet over the present limit. Further, a $95,326 increase in

program value could be expected for an increase in budget of $14,282.

The chargeable volume constraint, then, has considerable limiting power

on the size of an annual thinning program2"

Tests 5 and 6 are based on the assumption that an additional

$5,000 in thinning funds is available. In test 5 volume constraints

(except for chargeable volume) are relaxed with the result that total

volume remains below its original constraint level. A relaxation of

the engineering constraint in test 6 results in an increase in program

value with total volume still remaining below 20,700 H board feet.

Constraints on sale size were inadvertently left in test 4,
but as they were not limiting they do not affect the conclusions drawn
from this test.

The chargeable volume constraint was not relaxed since any
increase in program value from this relaxation would be the result of
reductions in the value of chargeable final harvest operations.



In the linear program being used in this study, any number
greater than zero in the C-Z, row indicates a limiting constraint.
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Sensitivity Analysis - Value Type Approach

Sensitivity analysis can be of great value in the value type

approach and combined with use of the simplex tableau, analysis can be

more easily expedited. For example, in the base program results for the

unit approach shown in Table 14, it is not immediately obvious that the

northside volume constraint is limiting,.yet subsequently test 3 showed

that it was. This is no problem in the value type approach as we can

examine the C-Z row of the simplex tableau of the base program and

determine that northside volume requirements, along with the chargeable

volume requirements, and administrative funds are constraining the

program.. Once this information has been obtained, we have exact

knowledge of which constraints to subject to sensitivity analysis.

In order to illustrate the use of sensitivity analysis in the

value type approach, a number of tests were conducted in which changes

were made in the original constraints of the base problem. The nature

and results of these tests are summarized by Tables 15 and 16 with the

same format used for the unit approah.

From the simplex tableau it is determined that thinning funds are

limiting the program, thus test 1 involves relaxing the thinning funds

constraint. The result is an increase in program value of $37,082

obtained by an increase of slightly over $4,000 in expenditures. As

in the unit approach, a restrictive budget had prevented realization

of the desired total cut in the base program. Relaxation of the budget



TABLE 15. CONSTRAINTS USED IN LINEAR PROGRN TESTS
BASED ON DATA DEVELOPED IN APPENDIX B

126

Type of Constraint
Level of Constraint

Test Number

Base 1 2 3

Total Volume
20,700 MBF x

North Volume
10,000 NBF x x

South Volume
12,500 MBF x x

Thinning Funds
$73,000 x x

$78,000

Chargeable Volume
7,400NBF x x x x



TABLE 16. LEVELS REACHED BY ORIGINAL BASE PROGRAN CONSTRAINTS
IN SUBSEQUENT LINEAR PROGRAM TESTS

Test Total Northside Southside Chargeable Thinning PNWT Difference

Number Volume Volume Volume Volume Funds in in Test-Base
in NBF in MBF in MBF in MBF Dollars Dollars in Dollars

Base 19,854 9,803.8 10,050.6 7 ,400 73,000 1,126,153

1 20,700 9,804 10,896 7,400 77 ,018 1,163,233 37,082

2 19,973 11,092 8,881 7,400 73,000 1,132,265 6, 114

3 23,759 15,818 7,941 7,400 93,926 1,245,555 119,404
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constraint in test 1 allowed the total volume limit to be reached.

In test number 2 requirements related to the project's north-south

division are dropped. The result is a shift of over one million board

feet of thinning harvests from the south to the north side of the

district. A small increase in PNWT was obtained for no increase in

costs.

Test 3 shows the manager what his potential production would be if

he were constrained only by chargeable volume. For approximately $21,000

more in expenditures he could produce over 3,000 N additional board feet

of timber at an increase in program value of $119,404. He would also

note a major shift in cutting from south to north. An examination of

the solution vector of the linear program would further reveal that

thinning in test 3 was concentrated in age classes 30 to 60. With no

chargeable volume being found below the 60-year age class, the program

simply selected all of the 30-50 year range. A manager might use infor-

mation of this kind to justify a request for additional funds to increase

thinning of nonchargeable volume on the grounds that the current set of

managerial constraints will delay the thinning of younger stands with a

consequent loss of benefits.

Summary and Conclusions

This section has illustrated some of the techniques available for

obtaining additional information from mathematical programming methods

after optimal solutions have been achieved. Additional information was

obtained in the value type approach through use of the simplex tableau

of linear programming and through use of sensitivity analysis, while

only the latter technique was feasible in the unit approach.
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The results seem to indicate that the analytical power of the

value type approach would increase relative to the unit approach as

problems increase in size and complexity. This conclusion follows

from the availability in the value type approach of the simplex tab-

leau which allows rapid identification of limiting constraints and

which also provides numerical evidence o the degree of restrictiveness

of particular constraints.

The unit approach, on the other hand, allows incorporation of a

larger number of constraints than is possible in the value type

approach..2J Therefore, the optimal value of an objective function

derived by the unit approach may be a more accurate indicator of the

actual values obtainable from a thinning program. Moreover, with units

being specified in advance, the results of the unit approach may be

translated into actual thinning sales programs more easily than in the

value type approach where units must be specified after the optimal

solution has been derived.

Testing of Assumptions and Value Parameters

In addition to examining the impacts of changing constraint levels,

sensitivity analysis can also be used to test some of the basic assump-

tions of a study. Specifically, by changing some of the assumptions,

changes can occur in the value parameters of the objective function and

even in constraint equations. These changes can result in new values for

In fact, each unit is actually an implicit constraint in that
units must be either totally rejected or totally accepted.
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the optimal program and in a different set of alternatives. Such infor-

mation can be used to identify the effects of policy changes, the

effects of exogenous factors, and the importance of certain kinds of

data.

In performing a sensitivity analysis, three major steps are re-

quired. First, data are revised to meet the requirements of changing an

assumption or assumptions. Second, evaluations of alternatives are

performed using the new data. Third, revised optimal programs are

obtained using the new value parameters.

In order to expedite the evaluation of value types and units, the

procedures developed in Appendix B were programmed so that the calcula-

tions could be performed by a computer. With the evaluation procedures

thus automated, the effects of changes in assumptions could be evaluated

quickly and economically.

In all, 57 different sets of assumptions were tested. Most of

these tests involved changes in assumptions related to:

Stumpage values

Cutting age at final harvest

Growth projections

Thinning intensity

Discount rates

It was found that changes in assumptions could produce significant

changes in optimal program values as well as major reorderings of rank-

ings among alternatives. In the remainder of this section the results

from six of these tests are presented, first, for the unit approach and,
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second, for the value type approach. The tests, numbered from 1-6,

are summarized below.

Test 1. This is the base program used on pages 94-lW and sunimar-

ized in the tables in Appendix B. This program was also

used as the base in the last section on constraint testing.

Test 2. An assumption is made that all thinning will be conducted

at an intensity of 40%.

Test 3. An assumption is made of a discount rate of 9%.

Test 4. An assumption is made that the time period used for dis-

counting will be based on the expected cutting age of the

stand rather than on an 80-year rotation. This assumption

was discussed in detail on pages 106-108. The data from

this test are presented in Appendix E.

Test 5. An assumption was made that stumpage values were based on

Spring of 1970 prices rather than on Spring of 1968 prices.

Test 6. An assumption was made that there would be no qualitative

difference between thinned and unthinned timber at the

time of final harvest.

Unit Approach

Table 17 summarizes the optimal PNWT and constraint levels attained

under each of the six tests for the unit approach. For each test, but one,

constraint requirements were identical.iQ" The PNWT values used in each

of the tests are summarized by value types in Appendix F. In Table 18

The exception was a size of sale constraint in test 2 that had
to be relaxed slightly to allow a solution.
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ACHIEVED UNDER VARYING EVALUATION
ASSUMPTIONS FOR THE UNIT APPROACH
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the results of the six tests in terms of the acreages of value types

selected are compared.

Examination of the results of the six tests can provide information

that may be of value to forest managers. For example, comparisons of

tests 1, 3, and 5 show them to be identical in all values except for

the PNWTt5. Yet these tests were based on what might seem as important

differences in assumptions. Interest rates on these tests were

4-5/87. (test 1), 5½7. (test 5), and 9°!. (test 3) while stumpage values on

test 5 were at least 257. lower than the stumpage values used for tests

land3.

These tests show that, although interest rates may vary within a

range of 4-5/8% to 97. and stumpage values may drop 25%, no change in

PNWT Total North South Chargeable Thinning Engineer-
Test in Volume Volume Volume Volume Costs in ing Cost
No. Dollars in NBF in MBF in NBF in MBF Dollars in

Dollars

Base 1 1,117,757 19,474 9,561 9,913 7,387 72,499 2,889

2 542,179 14,932 9,091 5,841 7,355 58,190 1,851

3 886,733 19,474 9,561 9,913 7,387 72,499 2,889

4 1,250,399 19,954 9,654 10,300 0 72,891 1,980

5 743,567 19,474 9,561 9,913 7,387 72,499 2,889

6 501,582 19,509 9,561 9,948 7,061 72,979 2,931

Requirement 20,700 10,000 12,500 7,400 73,000 3,100



TABLE 18. COMPARISON OF ThE ACREAGE OF VALUE TYPES

SELECTED UNDER VARYING EVALUATION
ASSUMPTIONS FOR ThE UNIT APPROACH

Value Type
Test Numberll'

1
[

2 3 4
[

5 6
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11/ Test No. Assumptions
Basic assumptions used on pages 94-98.
Thinning conducted at an intensity of 40%.

.
Discount rate of 9% used.
Discount rate based on expected cutting age of

stand rather than rotation age.
Stumpage values based on 1970 prices rather

than 1968 prices.
No qualitative difference assumed between thinned

and unthinned timber at final harvest time.

70-4.-N 110 0 110 295 110 144

70-4-S 0 2 0 0 0 0

70-3-N 309 5 309 1,181 309 228

70-3-S 0 0 0 59 0 0

60-4-N 43 43 43 0 43 43

60-3-N 732 395 732 26 732 732

60-3-S 402 146 402 0 402 402

50-3-N 0 0 0 0 0 0

50-3-S 0 20 0 0 0 0

40-3-N 48 101 48 6 48 114

40-3-S 23 23 23 0 23 23

40-2-N 0. 0 0 0 0 0

30-3-N 0 16 0 0 0 23

30-3-S 0 100 0 0 0 0

30-2-M 0 94 0 25 0 0
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program composition will occur. The manager can feel assured, within

these ranges, that sudden fluctuations in interest rates or stumpage

prices will not invalidate the optimal thinning program indicated.by

the results of the unit approach.

Tests can also be designed to determine the results of changes in

operational guidelines. For example, managers may want to know what

impact an increase in thinning intensity will have on optimal thinning

programs. Test 2 shows the result on an extreme case, that of thinning

at the 4O7 level in all stands. Although 4O7 intensity is probably

unrealistic for most stands, the test does illustrate the problems that

will be encountered as thinning intensity is increased. What occurs is

that chargeable thinning volume is greatly increased, especially in the

older stands. This causes a shift in cut to younger stands where there

is less chargeable volume, but also less total volume. Ultimately, the

chargeable volume constraint is reached, but total volume and thinning

funds are far from their limits. The manager may learn from this that

there is no advantage in intensifying thinning in the older age classes.

Managers may also be interested in the effects on optimal thinning

programs of assumptions made about the future, for example, assumptions

about the timing of final harvests. Test 4 shows the result of basing

evaluations on the actual expected final harvest age of stands rather

than oii the stated rotation age of 80 years, as is the assumption in

the other five tests. Basing evaluations on actual expected final har-

vest age in effect postpones cutting age (in the Tillamook case) and the

longer growing period allows stands to return to normal stocking, thus
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cancelling out chargeable volume. The results suggest a significant

shift to the harvest of 70-year-old types and although chargeable volume

is no 1oner a factor, the total volume of 20,700 N board feet still

cannot be achieved due to a constraining budget.

Another assumption concerning the future involves expectations of

qualitative improvements accruing to previously thinned stands. In

tests 1-5 a $lO-12 per N board foot advantage is assumed to have accrued

to previously thinned stands at the time of final harvest. In test 6

this assumption is dropped. The results indicated only minor changes in

the composition of stands in the program; however, the value of the

program was halved. This perhaps indicates the importance of estimates

concerning the influence of current thinning programs on the value of

products at the time of final harvest.

Value Type Approach

Table 19 summarizes for each test the optimal PNWT and constraint

levels attained under the value type approach. Constraint requirements

were identical for all six trials. The PNWT values used for thinning

alternatives in tests 1-6 are given in Appendix P. Table 20 compares the

results of the six tests in terms of the acreages of value type selected.

Comparison of the results of the six tests within the value type

approach are very similar to those results obtained for the unit approach

and most of the discussion concerning relationships between tests are also

appropriate for the value type approach.

Comparison of the unit approach (Tables 17 and 18) with the value

type approach (Tables 19 and 20) shows somewhat different values and
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program composition for the six tests. For example, the value type

approach is seen to obtain larger values for PNWT in each test while also

more nearly approaching those levels indicated by the constraints. These

phenomena can be explained by the greater restrictions imposed upon unit

approach solutions by the need to develop alternatives in terms of

harvesting units which will either be entirely accepted or rejected.

In most of the PNWT comparison between Tables 17 and 19, the two

approaches show no more than 27. difference. The exception is in test 2

where the difference is over 157.. The reason for this difference is

that the increased harvest of chargeable volume combined with the con-

straints in test 2 force selection of younger age classes. The value

type approach can select these age classes without regard to possible

harvesting boundaries even though the younger age classes coiuuionly occur

Test Total North South Chargeable Thinning

No. in Dollars Volume Volume Volume Volume Costs

in MBF in MBF in MBF in MBF in Dollars

Base 1 1,126,151 19,854 9,804 10,051 7,400 73,000

2 639,154 17,972 9,661 8,311 7,400 73,000

3 887,044 19,854 9,804 10,050 7,400 73,000

4 1,275,765 20,204 10,000 10,204 0 73,000

5 745,026 19,854 9,804 10,050 7,400 73,000

6 504,589 19,803 9,120 10,683 7,400 73,000

Requirement 20,700 10,000 12,500 7,400 73,000
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ThBLE 20. COMPARISON OF ThE ACREAGE GF VALUE TYPES
SELECTED UNDER VARYING EVAUJATION
ASSUMPTIONS FOR THE VAUJE TYPE APPROACH

Value Type

Test Number

1 2 3 4 5 6

70-4-N 266.5 0 266.5 389.0 266.5 389.0

70-4-S 0 0 0 2.0 0 0

70-3-N 110.4 0 110.4 1,183.8 110.4 13.3

70-3-S 0 0 0 0 0 0

60-4-N 43.0 43.0 43.0 0 43.0 43.0

60-3-N 741.0 548.1 741.0 0 741.0 741.0

60-3-S 421.0 8.8 421.0 0 421.0 286.9

50-3-N 7 .0 7 .0 7 .0 0 7.0 7.0

50-3-S 20.0 20.0 20.0 0 20.0 0
I

40-3-N 77.2 249.0 77.2 0 77.2 230.0

40-3-S 0 31.0 0 0 0 0

40-2-N 0 61.0 0 0 0 0

30-3-N 0 16.0 0 0 0 0

30-3-S 0 100.0 0 0 0 0

30-2-N 0 263.2 0 0 0 0
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in widely scattered patches intermingled with older age classes. The

unit approach recognizes harvesting requirements and may include several

value types within one This, of course, reduces program value.

Test 2, then, is a good example of a situation where the value type

approach can indicate a much better program than can be realized on

the ground.

Summary and Conclusions

In this subsection it has been demonstrated that a variety of

assumptions can be varied and tested by the unit and value type

approaches. From such tests, managers can obtain advanced and documented

evidence of what can be expected from changes in operating policy or

changes in factors outside of his control. Moreover, once evaluation

and selection procedures have been automated, information can be ob-

tained quickly for a wide variety of questions.

Both approaches gave similar solutions to most tests. The one

exception illustrates that conditions can occur in which the approaches

can give quite diverse results and that when this occurs, the unit

approach produces results which more nearly conform to on-the-ground

conditions. The value type approach, however, shows more clearly which

constraints are actually limiting and which value type alternatives are

actually preferred, given the new assumptions.

Comparisonof test 4 in Tables 18 and 20 gives a good example
of how a unit approach solution includes value types that can be ignored
by the value type approach.



V. METHODOLOGICAL PROBLEMS AND ADAPTATIONS

The models formulated in the last chapter were certainly not

perfect expressions of the decision system for which they were designed

nor were they applied without certain difficulties. The purpose of

this chapter is to discuss the problems encountered in applying these

models to the Tillamook project situation and to discuss adaptations

that might be used to resolve these problems.

The chapter is divided into three parts. The discussion will, in

general, follow the development of the planning models used in this

study. Beginning with an examination of the problems involved in

developing alternatives, the discussion will turn to problems of

evaluation and end with an investigation of problems involving opti-

mization.

Problems Involving Alternative Development

Three types of problems were involved with alternative develop-

ment. There were (1) limitations on the number of alternatives that

could be included, (2) limitations on those alternatives that were

included, and (3) alternatives that could have been included but were

not for one reason or another.

Limits on Number of Alternatives

The number of value type alternatives were severely limited by

lack of data on site and lack of more intensive data on stocking, two

variables with an important influence (see pages 51-54) on the benefits

139
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obtainable from thinning. Stocking information is valuable in pre-

scribing the type of silvicultural treatment necessary in stands and

in ascertaining the importance of this treatment relative to treat-

ment of other stands. Site quality data would provide the manager with

the most basic knowledge needed for the growing of crops, i.e., the

productivity of the site for wood production.

Data on site quality and stocking would have undoubtedly increased

the number of variables available in the value type approach. The unit

approach would also be affected, but probably not by an increase in

unit alternatives. The effect on units would come through an increase

in the number of value types used to evaluate specific units.

The number of alternatives was also affected by the case study

area, i.e., by the Tillamook project itself. The unit alternatives were

limited by the size of the area in that a given area can be divided into

only a limited number of units of a given size. The number of value

types was limited by the variability of the forest. Examination of

Table 2 on page 79 will reveal that thinnable types in the Tillamook

project are concentrated in two age classes. The Tillamook project

forest thus represents a fairly homogenous situation, with several value

type alternatives being poorly represented while others are not repre-

sented at all.

Two conclusions can be drawn from this discussion. One is that the

analytical power of the value type approach could be enhanced if data on

site and stocking were available from which additional alternatives could

be developed. The other conclusion is that the usefulness of the models



141

could be increased simply by increasing the size and variability of the

management area being analyzed.

Limitations on Alternatives Used

Value type alternatives were originally based on four variables,

i.e., age, stand size, topography, and transportation. The available

information for all four of these variables was limited.

Age and stand class data were derived from type maps which in turn

were derived from a small sample of inventory plots combined with aerial

photo interpretation and ground inspection. These maps were designed to

give a general view of the resources available' and not the comprehensive

information that might be of value in an intensive management program.

Consequently, age classes were rounded to the nearest decade, while

four broad diameter classes served as information as to size. For the type

of analysis carried out in this study, such data are crude and could stand

much refinement. It should be remembered that the data generated in

Table 22 of Appendix B begins with a series of diameter assumptions that

were derived not through actual field measurements but through a process

of logical deduction beginning with type map information. The resulting

analysis would have much more reliability if the figures used for

value types had been obtained by stand examination rather than the

deductive process.

The two class distinction of value types based on topographic

difference was a sound one as, at the time of the study, all thinning on

moderate slopes was done with tractors while thinning on steeper slopes

was being done on an experimental basis with cable methods. Further
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breakdowns based on topography within the two classes were possible

since topographic maps gave fairly detailed information on unit sized

areas. However, such classification was not attempted since it was

felt that the additional work involved in developing new topography

classes would not be justified by the information obtained.

Transportation zones were developed,, then dropped from the value

type approach, only to be reincorporated into the unit approach. It

was found that units could be easily evaluated on the basis of trans-

portation costs since the unit and market represent two specific loca-

tions usually linked by one "best" road. A value type, however, can

represent several widespread locations with several roads of varying

quality linking these points to the market. Thus, a value type cannot

always be associated with a unique transportation cost.

An answer to this problem is to break up the value types so that

each represents a unique transportation cost. However, this can lead

to an infinite number of value types since cost varies as a continuous

function of distance. Obviously, some points will be selected while

others are ignored. What criteria will be used to select the points and

the distance between them? Probably the points would be chosen on the

basis of possible future sale location, but this leads us directly to

a unit approach classification of the forest. In order to contrast the

two methods more effectively, 'transportation cost was dropped as a

variable from the value type approach.

Problems are also involved with the unit approach. Units estab-

lished under the unit approach are based upon the opinions of managers
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as to size, shape, and location of potential units. It is quite likely

that in many cases work involved with establishing these units in the

field will lead to units of a different configuration than that origi-

nally conceived. This problem is inevitable to some degree where pre-

judgments must be made. The gap between a model unit and an actual unit

can be narrowed by use of experienced field personnel and/or judicious

use of available information backed up by field examinations to plan

unit layouts.

Alternatives Excluded

Reentry. One type of alternative that was to have been incor-

porated into the problem of stand selection in this study was the

opportunity to rethin stands that had been previously thinned. This

alternative was not included since none of the previously thinned

stands on the Tillamook project were ready for a rethinning at the time

of this study.

Analysis of reentry thinning indicated that it would be evaluated

much the same as other alternatives. Actually, data for a reentry

thinning might be more reliable since some information on the diameter

and stocking of the residual stand after the earlier thinning is

available in project files. Identification of reentry thinnings would

be simple since unit boundaries have been previously established.

Moreover, inclusion of these alternatives for consideration in a thin-

ning program seems to call for use of selection methods similar to the

unit approach. Use of the value type approach could lead to fractional

thinning of previously thinned units, especially if these units were
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made up of different value types brought together in one logical

harvesting unit.

Time. Considerations of planning periods longer than one year

could have been included with the result that many more alternatives

would have had to be considered. Conceptually, there was no problem

in considering more than one planning period. Practically there were

several problems.

Tillamook project foresters specify roughly a ten-year harvesting

cycle for thinning programs. For the unit approach this would mean

that 50 units plus those potential units in now inaccessible areas plus

reentries would have to be considered for thinning over a ten-year

period. For most previously unthinned alternatives, this would include

the possibility of cutting a particular unit in any one of the ten years.

The number of potential alternatives exceed the capabilities of any 0-1

integer programs known to be available. As a matter of fact, just the

consideration of 50 units over two cutting periods would lead to 100

alternatives, thus exceeding the 90 variable capacity of the 0-1 inte-

ger programming algorithm used in this study.

Although the value type approach contained a lesser number (22)

of alternatives, optimization over time of the thinning of these alter-

natives would also exceed the capabilities of the algorithms used.

Linear programming algorithms do exist for the solution of large prob-

lems; however, they are costly to use and were prohibitive given the

resources available in this study.

Another problem involved with attempting to optimize over time is

that the optimal development of the road system into presently
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inaccessible areas is not known. Thus, we don't know when inaccessible

stands will be available, and therefore we cannot determine the time

of harvest needed for the discounting procedures in the evaluation

process. Further complicating the problem is the fact that optimal road

placement, to a degree, is dependent upon the value of stands to be

harvested after roads are built. The procedures required to solve this

problem may be beyond the capabilities of static linear and integer

programming models. Perhaps dynamic programming algorithms are more

appropriate for the solution of such problems.

Evaluation Problems

Data Limitations

In the last section the lack of certain kinds of data was cited as

limiting the number of alternatives that could be considered. In this

section the impact of inadequate data on the evaluation process will

be discussed.

In Table 22 of Appendix B, two assumptions are made. One assump-

tion is that site quality is uniform (Site 3) and the other assumption

is that stands have 100% normal stocking. These assumptions had to be

made for lack of any better data, but they are clearly inadequate if a

systematic intensive management program is to be implemented.

Site quality data are needed in order to determine the growth res-

ponse potential of stands after silvicultural treatments (including

thinning). For thinning, stocking data are needed to establish the

degree of treatment required. Stocking information also indicates the
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amount of volume that can be expected from harvests of differing

intensities.

Both stocking and site quality are related to the problem of

determining the response of a stand to thinning. Lack of empirical data

relating growth response to site quality, stocking, age, and other

variables means that we must depend on hypothetical estimates concerning

the future development of stands. As an example, the growth assumptions

used in this study were based on a largely hypothesized construct of

the development of stands after thinning.

There is a need for growth response data based on long range

empirical studies. These, however, will take time since thinning is still

a relatively new technique as applied to Douglas-fir. Therefore, until

better data are forthcoming we must rely on largely hypothetical esti-

mates of growth response. However, this does not mean that forest

managers should delay in collecting supporting data related to site,

stocking, and other variables. These data can be used to better specify

and evaluate alternatives and to lay the base for efficient intensive

management of young-growth Douglas-fir.

Procedural Limitations

As currently constituted, the evaluation procedures modeled in

this study treat thinning as an activity which involves both immediate

returns (RHT) from liquidation of a portion of the growing stock, and

future returns (RHT-RHw) resulting from an improvement in the growing

stock which results in a higher quality or quantity of timber products

at final harvest.
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This view of thinning is essentially correct if, as in this study,

one is interested in analyzing the returns to thinning, either for the

purpose of determining whether or not it is profitable to thin or of

comparing alternative thinning opportunities. However, a problem can

arise when our objective involves maximization of returns and our

selection of stands is subjected to constraints which prevent us from

thinning all profitable opportunities available in a given year.

The problem involves a bias against the selection of the younger

lower valued stands. This bias is created over a period of years and

is the result of new, higher valued, thinning opportunities being

created each year as inaccessible areas are roaded and as stands become

eligible for a reentry thinning. Further, as a result of a thinning

selection system based on maximization of returns and subject to volume

and budget constraints, thinnings in younger stands may be delayed for

years, perhaps to the time these stands have moved into the next higher

age class. Yet the positive PNWT calculated for these types indicates

that these stands would be profitable to thin now.

The problem of bias against younger stands results, in part, from

the relatively large immediate returns which are available from older

stands. Younger stands may provide relatively little in the way of

immediate returns and may (as often was the case with 30-year-old types)

even result in costs exceeding returns in the short run. However, these

younger thinnable stands may still be excellent investments if compared

to other forestry investments.

But the comparison may never be made if thinning is funded sepa-

rately from other investment activities, as is often the case, for the
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allocation of resources within the activity will be directed to those

stands with the larger PNWT values, which also means those stands pro-

viding the larger immediate returns will tend to be selected. Thus we

have a problem where management suboptimizes over two sets of forestry

opportunities. In order to solve this problem, management may have to

take a more integrated view of its forestry investments, i.e., to stop

viewing thinnings as one set of opportunities and other forestry prac-

tices as another set. For the greatest efficiency, management should

optimize over a set which includes all its forestry investment oppor-

tunities.

Exclusions

An important exclusion from the evaluation procedures was of

thinnings made between the initial thinning and the final harvest.

These can be termed intermediate thinnings.

Intermediate thinnings can be presented in terms of the first

equation on page 62

PNWT1 = RT1 + RUT1 - RHW1 + E RFT1

.1=1

where

RFT1j = discounted net return to thinning in value type i, in

year j, in dollars

n = the number of intermediate thinnings.

Furthermore, an RFT can be expressed in equation form as follows:

RFT1 = - RV1)(SP1)(DF1) - (IW - RV1)(AD1)(DF1)

where the symbols carry the same meanings as the symbols used in the RT

equation on pages 62-63 except that all data are for year j.
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Intermediate thinnings were not included in the models for two

reasons. First, with data on response to thinning being almost non-

existent, it was felt that it was enough to try to isolate the thinning

benefit at final harvest age without going even further into speculation

by trying to also identify the thinning benefits occurring at each inter-

mediate thinning. Second, the correct timing and intensity of inter-

mediate thinnings is a subject open to question itself. At this stage

of model development it was desired to keep the models in a more

simplified form.

As shown in the equations above, if managers desire to explore the

effects of intermediate thinnings on the value of thinning alternatives,

this can be done. Evaluation of intermediate thinnings also indicates

another potential use for thinning response data.

Optimization Problems

Hopefully, the optimal solutions of mathematical programs are the

end result of a careful modeling of the decision system and a synthesis

of data and assumptions into a meaningful array of alternatives and con-

straints. These solutions should provide managers with useful informa-

tion for their planning decisions; however, it is hoped that managers

will use these optimal solutions as guidelines rather than as the final

answer to their planning problems, for optimal solutions themselves are

limited in how they portray reality. These limitations must be recog-

nized and compensated for by the judgment and experience of the managers

involved.
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This section examines and discusses two of the more serious limita-

tions of the mathematical programming methods employed in this study.

These limitations involve (1) the difficulty of formulating certain

constraints and (2) the practical problems with linearity.

Constraint Formulation

In the last chapter, several constraints that were used in the unit

approach were seen to be inoperative under the value type approach.

These constraints related to engineering funds, harvesting logistics,

the number of sales, and the size of sales. The inability of the value

type approach in being able to incorporate these constraints in prob-

lems involving the selection of thinning programs seems to be an inher-

ent disadvantage of this approach. Attempts can be made to construct

the alternatives of the value type approach so that meaningful con-

straints could be formulated. However, attempts to do this lead to the

formulation of thinning alternatives which resemble those used in the

unit approach.

The engineering funds limitation is an example of a constraint

that was formulated in the unit approach but could not be included in

the value type approach. In the unit approach, engineering costs were

calculated on the basis of the miles of roads built to harvest a partic-

ular unit. Use of this constraint in the value type approach would

require that we divide the total cost of the unit by unit acreage to

derive cost per acre. However, this cost per acre is based on a specific

unit and in order for this cost per acre to remain valid, the entire unit

would have to retain its identity and be harvested in its entirety. This,

of course, is exactly what the unit approach does.
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We encounter the same problems if managers are interested in the

size and number of thinning sales included in the sale plan. Although

it is possible that a value type solution might provide the manager with

a harvesting configuration that would be adequate in providing him with

the size and number of sales he desired, it could just as easily be

unacceptable. In either case the nature of the timber, and not the

program constraints, would be the controlling factor. If the manager

wanted to be sure of the results, he could divide the forest into

smaller subdivisions on much the same principle as the north-south divi-

sion was made in the Tillamook project. However, the more exacting

these constraints became, the more they would begin to resemble the

unit approach.

The problems of constraint formulation were not unique to just the

value type approach. One constraint, which would have been of value in

modeling the thinning program situation found at Tillamook, could not be

successfully handled by either approach. This constraint involved the

problems of assigning engineering costs to thinning units which are

presently inaccessible, but could be reached given currently available

engineering funds. Specifically, the problem involves the building of

specific roads which could make available for thinning more than one unit.

Figure 6 shows a model situation in which an inaccessible portion

of the forest is divided into 12 potential thinnable units. It is

assumed that the area to the left of the box is fully roaded and that

each row is to be served by an independent road system traversing the

row from left to right. It is further assumed that there will be no
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vertical development of roads. The planners of the thinning program for

the area depicted in Figure 6 are subject to a thinning quota which

limits them to the selection of only three units. Furthermore, the

planners are operating under the objective of maximization of returns,

the quantity of which is indicated for each unit in the upper right

hand corner.

1 2 3

A

B

Row

C

Figure 6. Inaccessible area of a forest with 12
cutting opportunities and 4 potential
road systems running left to right
through each row.

The objective function of this problem can be stated as follows:
12

Z = E CX
n= 1

where

C = value coefficient for unit j in r row of c column

X = thinnable unit j in r row of c column

10 l5 20

10 12 15

10 12 15

10 12 15



The constraint concerning a thinning quota can be expressed as

follows:

12
E a13

n= 1

where

a1 = 1 for each unit.

It is assumed further that the engineering of road construction requires

two units of cost for development of each unit. Thus, a constraint

limiting engineering funds might appear as follows:

2 2x36
n= 1

where just enough funds are allowed to harvest three units.

Examination of Figure 6 reveals that the planners would probably

select those three units in row A, for this combination of three units is

the highest return possible, without violating the constraints on thin-

ning volume or engineering funds. However, linear programming would not

give this as a solution. An optimal linear programming solution would

include the first three units of column 3 with the return of Z = 50

rather than a solution of Z = 45 obtained from the first three units of

row A. Moreover, as far as the linear program was concerned, the selec-

tion of the three units in column 3 would also satisfy the constraints

in that no more than three units would be harvested and engineering

costs would not exceed allocated funds. However, in reality engineer-

ing funds constraints would be violated, for to exploit the three units

in column 3, a road system must be built to each unit, and in order to

build a road system to each of the three units in column 3, nine units
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of road must be built at a cost of 18, which well exceeds the engineering

funds constraint of 6.

In the preceding discussion, we have seen a formulation in which

linear programming and 0-1 integer programming could not derive the true

optimal solution. In trying to reformulate this problem, we might be

drawn to attempt an alternative interpretation of the engineering cost

coefficient, since constraint levels are set by policy. An alternative

means of reformulating cost coefficients would be to assess the total

engineering costs of developing each unit. This would include the costs

of developing roads within the unit and the cost of road construction

to reach the unit. For example, columns 1, 2, and 3 in row A would

require 2, 4, and 6 in total cost units respectively. Assigning these

new coefficients to each unit in the constraint equation would prevent

the solution that was obtained in the last linear program formulation.

However, a new problem arises. We now find that our cost constraint re-

quirement of 6 will not allow the true optimal solution to be selected,

since adding together the new cost coefficients for the three units

known to be in the optimal solution, a total of 2 + 4 + 6 = 12 is ob-

tained. As a matter of fact, the optimal solution could only include

units out of thefirst column, if a total of only three units is allowed.

The problem of developing correct engineering cost coefficients

arises from the fact that unlike thinning cost coefficients which are

related to timber harvesting activities, and thus to particular harvest-

ing units, engineering cost coefficients are related to road construction

activities. Since roads traverse many units and are used for many
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activities, road construction can be considered an independent activity,

that is, it is not necessarily tied to any particular timber harvesting

Unit. Thus, it is somewhat arbitrary to assign road engineering costs

to specific timber harvesting operations.

A solution to this problem can be derived through a reformulation

of the unit approach. The reformulation Involves arranging alternatives

in the form of sets of cutting possibilities. Each alternative rather

than representing only one unit would represent individual units and

combinations of units. For instance, row A could be formulated as

seven alternatives rather than three as follows:

New Cost Constraint
New Alternatives
and Coefficients Units Included Coefficient

45X1 = = 6X1

25X2 = = 4X2

35X3 = = 6X3

30X4 = 6X4

In the preceding formulation, the coefficients of alternatives and

constraints are merely summations of the coefficients of units within

the newly formulated alternatives. Following the new formulation the

constraint concerning the number of units allowable would be formulated

as follows:

lOX5 = X1
= -2X5

15X5 = X2 = 4X5

20X,7 = X3 = 6X7
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The new formulations would assure an optimal solution which included

all units in row A; however, the size of the problem would have grown

from the original 12 alternatives to 28 alternatives. This growth in

alternatives comes as a result of increasing the number of alternatives

in each row from three to seven. If we include the possibilities of

roading vertically as well as horizontally in Figure 6, the number of

alternatives can be increased still further.

The following discussion has illustrated the reason why certain

alternatives and constraints were not included in the case study. For-

tunately, in the Tillamook project case study, most inaccessible units

and value types could be reached without roads being constructed through

more than one unit. Where roads did not have to pass through more than

one unit, the problems discussed above could be avoided. In three cases

where this problem did occur, no more than two units were involved at any

one time and the problem was solved by the formulation of constraints

shown on page 92 as harvesting logistics constraints.

The problem outlined above concerning the allocation of engineering

costs to particular units has a solution; however, this solution seems

to call for a significant increase in the number of alternatives to be

included in the mathematical programming objective functions. In many

cases, this proliferation of alternatives may very well exceed the capac-

ity of the programs used to obtain the solutions. It may also be possible,

if the problem is not too large, to formulate constraints in such a way

as to obtain the desired results. However, it seems that in many manage-

ment situations where considerable access development is required, opti-

mal solutions may not be practical, even using linear and integer

programming methods.
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Problems of Linearity

One of the basic requirements in formulating a model for linear

programming solution is that functional relationships be linear in nature.

Since very few natural relationships are truly linear, model formulation

must be concerned with eliminating nonlinearity or at least recognizing

where in the model the linearity assumption may be weak. In the models

formulated for this study, the value type approach seems most suscep-

tible to possible violations of the linearity assumption, whereas the

unit approach seems to be inherently free of this possible defect.

The solution to the value type approach is stated in terms of the

acres of type to be thinned. No reference is made to the location of

a particular type nor to its size. Therefore, a solution which selects

100 acres of type A may include ten separate parcels of type A all

varying in size perhaps down to fractions of acres. It is the prospect

of thinning these small separate parcels of type that brings about

the possibility of violating the linearity assumption. In the value

type approach, violation of the linearity assumption would result in

incorrect values being calculated for PNWT'S of individual value types

and for administrative thinning costs.

Violations in the linearity assumption would affect the PNWT of a

value type through its impact on logging costs. As a harvesting unit

becomes smaller, certain costs rise while other costs decrease. On the

one hand, the costs of moving in and setting up for harvesting opera-

tions are fixed for a given setting and tend to rise on a per thousand

board foot basis as the area to be harvested becomes smaller. On the
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other hand, yarding costs per thousand board foot tend to decrease with

the shortened yarding distances associated with smaller units. Data

from the Bureau of Land Management's schedule 15 show that as yarding

distance increases, both yarding and loading costs rise, thus indi-

cating that costs per thousand may be higher in larger units. However,

as unit size increases yarding distancescan be reduced by increasing

the number of landings. Exdept for very small areas of just a few

acres, the logging cost variables that are related to the size of the

unit seems to provide offsetting influences, thus allowing a reasonably

safe assumption of linearity to be made for a fairly wide range of

value, type acreages.

Administrative cost coefficients can also be distorted by violations

of the linearity assumptions. The reason for this is that thinning sales

preparation involves a considerable amount of fixed cost. Certain

administrative procedures are required whether a sale is one acre or 100

acres, thus the per thousand board foot cost of these procedures can

increase significantly as sale size decreases. Fortunately, few units of

less than 20 acres are sold.. Costs do vary over 20 acres, but they are

small enough that they make very little difference in the results and

can thus be ignored. The assumption made in this study was that small

value type parcels which might violate the linearity assumption would be

sold as part of larger sales thus absorbing some of the increased costs.

The unit approach, to a large extent, avoids the problem of a

linearity violation. In the unit approach, all costs, benefits, and

other relevant data are calculated for the unit as a whole and in the final
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solution units are either selected for thinning or they are entirely

rejected. No fractional units are involved, thus the question of

whethercosts or benefits are truly proportional to the level of

activity chosen is not really relevant.



VI. CONCLUSIONS

In this study two methods of selecting and planning thinning pro-

grams were developed. These methods were developed to provide guidelines

and techniques to meet the needs of managers struggling with problems

related to managing young-growth Douglas-fir on an intensive basis.

Unfortunately, these problems are often complicated by such require-

ments as access development and on-going old-growth liquidation, which

may so confound the decisionmaking context that managers are forced to

fall back on rules of thumb that were initially formulated under old-

growth management conditions.

In order to avoid use of inappropriate guidelines, guidelines

derived from the requirements and context of intensive young-growth

management need to be developed. The development of these guidelines

is especially appropriate at this time since the management of young-

growth Douglas-fir is still in a rather primitive experimental stage.

We are in a unique position where we can experiment with different

methods of planning and analysis so as to influence at an early stage

the methods that will eventually be used to manage young-growth

Douglas-fir. This study has been one such experiment.

In this study, the procedures of economic analysis and mathematical

programming were brought to bear on the problems of selecting and plan-

ning annual thinning programs. An important part of this study was to

contrast the two mathematical prograiniaing methods with the so-called

rule-of-thumb method currently used to select and plan thinning programs.
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The contrast would show what advantages, if any, might be gained from

using the newly developed methods.

One of the apparent advantages of the value type and unit approaches

as compared to rule-of-thumb methods lies in the logical framework into

which data must be organized before analysis by mathematical program-

ming methods is possible. As part of this framework, objectives must

be stated, alternatives specified, and constraints formulated in a clear

and concise manner. The programming methods, being mechanical in nature,

also can be expected to add nothing to the data and problem situation

that does not already exist. If managerial data are poor, if management

procedures are vague and inconsistent, this will be reflected in the

quality of results. In order for management to obtain quality results,

data will have to be upgraded and management practices made clear and

consistent. Use of mathematical programming techniques, then, can be

expected to force a certain degree of rigor into the planning of programs.

Another advantage of the value type and unit approaches is that

optimal programs can be derived quickly. The optimal program, of course,

indicates the objective function value of the thinning program in addi-

tion to indicating the level at which each alternative will be harvested.

But this is not the optimal program's sole function, for it can also

serve as a standard against which the effectiveness of actual field

programs can be judged. Managers could also use optimization models

to determine programs which would then be implemented. Departures from

the model would reflect either shortcomings in the model due to a

failure to appropriately model reality or shortcomings in management pro-

cedure which prevent the optimal combination of alternatives from being

selected.
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The use of sensitivity analysis demonstrated still another advan-

tage of two new approaches over older methods. Through sensitivity

analysis, mathematical prograuuting methods can provide information that

simply is not feasible to obtain through conventional means. Questions

related to relaxation or tightening of constraints, relevant data, and

the importance of assumptions can all beexplored quickly and effi-

ciently once programming procedures have been established. Through sensi-

tivity analysis the manager not only has the means of analyzing alter-

native thinning opportunities, but he also has the means of comparing

alternative thinning programs. He can obtain valuable information re-

garding the consequences of changes in program conditions that he can

now only speculate about.

In addition to contrasting methods, the procedures used in this study

have also shown that current methods of allocating funds to thinning

projects may be suboptimal, thus leading to inefficiencies in the allo-

cation of investment funds. Current methods of funding thinning pro-

grams may discriminate against the early thinning of younger stands due

to the practice of lumping together in one program all thinning oppor-

tunities which show any immediate returns, and including in other pro-

grams intensive forestry opportunities (including precommercial thinning)

which involve deferred returns. This problem may be solved by viewing all

investment opportunities in one set and optimizing over the whole. This,

however, is easier said than done since policies and procedures, perhaps

at higher levels than the operational level, would need to be revised

before changes could take place.
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Another important phase of this study involved comparison of the

value type and unit approaches. Use of these two approaches provided an

interesting contrast of the application of two mathematical programming

methods to the same problem. Both methods had their advantages and

disadvantages with respect to the problem of selecting and planning

thinning programs.

The value type approach, utilizing linear programming through the

simplex algorithm, was designed to indicate the optimal levels of

thinning activity within the various program alternatives. Unfortunately,

it was not possible to test the full potential of this method as the

case study area was too small, data on several important variables were

lacking, and forest types were fairly homogeneous. Probably a major

advantage of the value type approach is due to the simplex tableau of

linear programming. The use of this tableau increases the analytical

potential of this approach substantially. The major drawback to the value

type approach resulted from difficulties related to specifying the loca-

tion of harvesting units and to formulating certain kinds of constraints.

The unit approach, utilizing the 0-1 integer programming algorithm,

was designed to indicate whether or not specific harvesting units

should be included in the optimal program. Although a larger number of

alternatives could have been handled, the unit approach was tested

closer to its capacity and potential than was the value type approach.

The unit approach was clearly superior to the value type approach in

specifying and selecting units with specific locations and in formulating

constraints related to specific areas. The optimal solution to the 0-1

integer program specified exactly where thinning should be done.
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However, the unit approach was not superior to the value type

approach for thinning program planning problems involving more general

information. For example, managers might want to know the full impact

of proposed or anticipated changes in program assumptions on the

thinning, of certain forest types. The value type approach would give

a clearer answer since it is not encumbered with the additional con-

straints imposed by the specification of units. The value type approach

would also be of greater advantage in analytical work in which the

simplex tableau could be used.

Actually, both the value type and unit approaches can be con-

sidered somewhat complementary. The unit approach can be used to specify

programs involving actual harvesting units while sensitivity analysis

can be aimed at determining the impacts of factors affecting the selec-

tion and evaluation of units. The value type approach can be aimed at

more general questions such as the impact of discount rates on the

evaluation and selection of types. The value type approach would give

a clear view of the impacts free of unit constraints, while the unit

approach would translate the effects of changes into their implications

in terms of practical on-the-ground programs.

If either the value type or unit approach is to be implemented,

certain actions can be taken to improve their effectiveness. First, a

system of stand examinations can be instituted by which the pertinent

data needed to identify and evaluate each alternative can be obtained.

Second, data are needed which can relate the growth response of stands

to various kinds and intensities of silvicultural treatment. Finally,



165

information available to managers must be organized in a manner that will

lend itself to rapid updating and retrieval for use in planning systems

based on mathematical programming.

Of course, these three points are not preconditions for the imple-

mentation of these approaches. This study has shown that useful infor-

mation can now be obtained from applying these approaches to an actual

management situation even though data limitations were quite substantial.

However, what this study has also shown is that the future application

of intensive young-growth forest management is going to need more

sophisticated data along with more efficient means of organizing and

analyzing data than now exists if these approaches are to be effectively

implemented.
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APPENDIX A

TABLE 21. VALUE TYPE ACREAGES AND TOTAL ACREAGES OF EACH UNIT

AVAILABLE FOR THINNING IN FISCAL YEAR 1969 ON ThE

TILLAMOOK PROJECT

175

iN 60 3 S 19

30 3 S 100
70 4 S 2

50 3 S 9

50 3 S 11
141

2N 60 3 M 74
74

3N 70 3 M 42
42

4N 30 2 M 2

70 3 N 28
70 3 S 51

81

5S 30 2 N 16
70 3 N 41
70 4 N 3

70 4 N 15

30 2 N 31
106

6S 70 3 S 84
84

7S 70 3 N 84
30 2 N 43

127

8S 70 3 N 155

155

9S 70 3 N 128
128

Unit No. & Topographic

Location Age Class Size Class Class Acres
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TABLE 21, VAUJE TYPE ACREAGES AND TOTAL ACREAGES OF EACH UNIT
AVAILABLE FOR THThNING IN FISCAL YEAR 1969 ON THE
TILLANOOK PROJECT- -continued

los 70 N 43
43

liS 70 3 N 97

70 3 S 28

30 2 N 2

127

12 S 70 3 S 122

122

13S 70 3 N 104

70 4 N 8

112

14S 70 3 H 69

40 2 N 23

92

15S 70 3 S 23

70 3 N 22

40 3 S 8

40 3 N 29

50 3 N 7

70 4 S 11

100

16N 70 3 S 55

55

17N 70 3 N 201

201

18N 70 3 N 279

279

19N 70 3 N 45

45

20N 70 3 S 31

60 3 N 9

70 4 H 22

62

Unit No. & Topographic

Location Age Class Size Class Class Acres



ThBLE 21. VALUE TYPE ACREAGES AND TOTAL ACREAGES OF EACH UNIT
AVAILABLE FOR ThINNING IN FISCAL YEAR 1969 ON THE
TILLANOOK PROJECT- - continued

177

2lN 60 3 N 187

187

22N 60 3 N 146
146

23N 60 3 N 37

37

24N 40 2 N 38

70 3 N 49

87

25N 70 3 N 170

170

26N 30 2 N 82

82

27N 60 3 N 82

82

28N 60 3 S 192

192

29N 60 3 N 46

46

30S 60 3 S 83

83

31S 60 3 S 127

40 3 S 23

150

32S 60 3 N 24
70 3 N 28

52

33N 70 3 N 70

70

Unit No. & Topographic
Location Age Class Size Class Class Acres



TABLE 21. VALUE TYPE ACREAGES AND TOTAL ACREAGES OF EACH UNIT
AVAILABLE FOR ThINNING IN FISCAL YEAR 1969 ON THE

TILLAMOOK PROJECT- - continued

178

34N 60 3 N 26

26

35N 70 4 N 56
56

36N 70 4 N 39

39

37N 70 4 N 23

60 3 N 17

40

38S 60 3 N 63

70 3 N 154

40 3 N 36

253

39S 70 3 N 49

49

40S 70 3 N 104

30 2 N 138

242

41S 70 3 N 57

70 4 N 14

71

42S 70 4 N 11

70 3 N 35

30 2 N 33

79

43S 70 4 N 12

70 3 N 66

78

44S 70 3 N 42

70 4 N 60

30 2 N 23

125

Unit No. & Topographic
Location Age Class Size Class Class Acres



TABLE 21. VALUE TYPE ACREAGES AND TOTAL ACREAGES OF EACH UNIT

AVAILABLE F OR ThINNING IN F IS CAL YEAR 1969 ON THE

TILLAMOOK PROJECT- -continued

179

45S 40 3 N 54

70 3 N 11

30 2 N 81

70 4 N 19

70 4 N 24

189

46S 40 3 N 23

70 3 N 32

30 2 N 17

70 4 N 11

83

47S 70 3 N 4

40 3 N 6

70 4 N 61

71

48S 60 4 N 43

40 3 N 6

60 3 N 30

79

49S 40 3 N 66

66

SOS 30 2 N 12

40 3 N 29

70 3 N 5

30 3 N 16

62

Unit No. & Topographic

Location Age Class Size Class Class Acres



APPENDIX B

PROCEDURES FOR THE EVALUATION OF VALUE TYPES AND UNITS

Calculation of Volumes

Table 22 shows one of two sets of basic volume data used in

selecting optimal programs, comparing selection methods, and testing

constraints. The step by step procedure for obtaining the values

shown in this table is listed below. Symbols from the model formula-

tion chapter are shown below and in the table when they coincide with

variables being presented.

Begin with a type which is stated in terms of age and size class.

Age and size are shown in the first two columns of Table 22.

Specify an average diameter braist height for each type listed.

Average d.b.h. is shown in the third column.

Specify site index. See column 4.

For each type determine height based on age, average diameter, and

sIte.

For each type determine the average tree volume based on diameter

and height.

6. For each type determine the basal area per acre based on age and

site. See column 5.

7. For each type determine the average basal area per tree based on

the average diameter.
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For each type determine the number of trees per acre by the

following formula:

Basal area per acre = Number of trees per acre
Average basal area per tree (column 7)

For each type determine the total volume per acre (NV). Use the

following formula:

(Number of trees per acre) (Average tree volume) =

Total volume per acre (NV) (column 8)

For each type specify the intensity of thinning to be applied.

(Column 6)

Determine the volume thinned by the following formula:

(Total volume per acre) (Thinning percent) = Volume thinned

per acre (Column 9)

Determine volume remaining after thinning (RV) by the formula:

Total volume per acre - volume thinned per acre = volume per

acre remaining (RV) (Column 10)

Determine the volume at rotation age or age at final harvest if

the type were not thinned (WV) (Column 11). Use formula:

y = -.0ll66x2 + 2.7l666x + Z

where

y = volume at rotation age (WV)

x = rotation age or age at final harvest

Z = growth intercept

Z - (y' - NV)

where

Z" = original growth curve intercept. Use Z' = -61



= volume of original growth curve

y' = -.01166x2 + 2.71666x' -61

Where

= age of the type being considered

NV1 = present total volume per acre of type being considered.

14. Determine the volume at rotation age or age at final harvest if

the type were thinned (TV) (Column 12). Use the following

growth equation:

= RV1 + GC1 (x2 - x1)

where

UTV1 = Volume at rotation age uncorrected

RV1 = Volume remaining after thinning

= Final harvest or rotation age

= Age of type at present

GC1 Growth coefficient

182

In order toderive corrected volumes for rotation age or final

harvest age use the following formulation:

if UW1 > WV1 where i is a given value type

then TV1 = WV1

if UTV1

then TV1 = UTV1

For each age use the following growth coefficients:

Age GC1

30 1.8500

40 1.8235

50 1.6785

60 1.5000

70 1.3888



TABLE 22. VOLUME TABLE FOR ThINNING OPERATIONS AND FOR FINAL HARVEST TIMBER

(1) (2) (3) (4) (5) (6) (7) (8)

Total
Basal Volume

Age Size DBH in Site Area in Percent No. of (NV) in
Class Class Inches Class Sq. Ft. Thinned Trees Bd.Ft.

(9)

Volume
Thinned

in Bd..Ft.

(10) (11) (12)
Volume Rotation Vol. Rotation Vol.
Remaining WIo Thinning With Thinning
(RV) in (WV) in (TV) in
Bd. Ft. Bd. Ft. Bd. Ft.

30 2 8 3 144 30.0 412 8,828 2,648 6,180 80,531 80,531

40 2 10 3 182 27.5 333 19,554 5,377 14,177 72,253 72,253

30 3 11 3 144 30.0 218 15,448 4,635 10,814 87,151 87,151

40 3 13 3 182 27.5 197 27,446 7,548 19,898 80,144 80,144

50 3 15 3 210 25.0 171 39,239 9,810 29,429 75,264 75,264

60 3 17 3 232 22.5 147 50,867 11,445 39,422 72,552 69,422

70 3 19 3 251 20.0 127 62,006 12,401 49,605 71,682 63,493

60 4 21 3 232 22.5 96 59,291 13,340 45,950 80,976 75,950

70 4 23 3 251 20.0 86 70,639 14,128 56,511 80,316 70,399



Calculation of Stumpage Values

Table 23 shows the basic stumpage data used in Chapter IV for all

but parts of the section on testing of basic assumptions. The step by

step procedure for obtaining the values shown in this table is listed

below. Symbols used in the chapter on model formulation are shown be-

low and in the table when they coincide with variables being presented.

Begin with a type that is stated in terms of age, size class, and

topographic zone. See columns 1 to 3 in Table 23.

For each type determine stumpage price (SP) of a thinning operation

using the following formula:

Realization Value - Milling Costs - Profit and Risk Margin -

Transportation Costs - Falling and Bucking Costs - Yarding

Costs - Loading Costs - Other Costs Stumpage Price per

thousand board feet (SP)

For types with the topographic designation S, data for high lead

thinning is used to determine appropriate yarding costs. For types

designated by the letter M, data for tractor thinning is used for

yarding costs.

Determine stumpage price for final harvest age timber if no thinning

has been done (SPW). Use the same formula as used to calculate

stumpage price (SP). This need not be done for each type as it is

assumed that at final harvest age types will be close to the same

size and quality and thus will be priced the same. The only price

differential is based on topography. In the table, the rows marked

"80 wlo THN" show the data used for calculation of stumpage values

in previously unthinned stands under two topographic conditions.
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ThBLE 23. SIUMPAGE VAUJES IN DOLLARS PER N BD. FT. F(R ThINNING OPERATIONS
AND FINAL HARVEST TIMBER

* Other costs include moving in and setting up equipment.

(1) (2) (3) (4)

Age Size Topography Realization
Class Class Class Value

(5) (6) (7)

Profit Trans-
Milling & Risk portation

(8)

Falling &
Bucking

(9) (10)

Yarding Loadin

(11)

Other*

(12)

Stumpage
Value (SP)

30 2 M $102.00 $32.00 $10.00 $6.00 $39.90 $20.00 $11.40 $ .35 $-17.65

40 2 N 102.00 32.00 10.00 6.00 15.95 15.00 8.67 .35 14.03

30 3 N 102.00 32.00 10.00 6.00 15.51 12.00 10.30 .35 15.84

40 3 N 102.00 32.00 10.00 6.00 9.64 9.00 7.31 .35 27.70

50 3 N 102.00 32.00 10.00 6.00 6.98 7.00 5.47 .35 34.20

60 3 M 102.00 32.00 10.00 6.00 5.42 6.05 4.00 .35 38.18

70 3 N 102.00 32.00 10.00 6.00 4.39 5.05 3.70 .35 40.51

60 4 N 102.00 32.00 10.00 6.00 3.65 4.30 3.10 .35 42.60

70 4 N 102.00 32.00 10.00 6.00 3.16 3.95 2.75 .35 43.79

30 2 S 102.00 32.00 10.00 6.00 39.90 27.00 11.40 .25 -24.55

40 2 S 102.00 32.00 10.00 6.00 15.95 22.00 8.67 .25 7.13

30 3 S 102.00 32.00 10.00 6.00 15.51 19.00 10.30 .25 8.94

40 3 S 102.00 32.00 10.00 6.00 9.64 16.00 7.31 .25 20.80

50 3 S 102.00 32.00 10.00 6.00 6.98 14.50 5.47 .25 26.80

60 3 S 102.00 32.00 10.00 6.00 5.42 13.75 4.00 .25 30.58

70 3 S 102.00 32.00 10.00 6.00 4.39 13.45 3.70 .25 32.21

60 4 S 102.00 32.00 10.00 6.00 3.65 12.85 3.10 .25 34.15

70 4 S 102.00 32.00 10.00 6.00 3.16 12.40 2.75 .25 35.44

(SPW)

80 W/0 ThN S 120.00 38.00 13.00 6.00 2.00 14.75 7.00 -0.00 39.25

80 W/0 THN N 120.00 38.00 13.00 6.00 2.00 10.20 4.95 -0.00 45.85
(S PH)

80 ThINNED S 125.00 35.00 12.00 6.00 2.00 12.75 6.00 -0.00 51.25

80 THINNED N 125.00 35.00 12.00 6.00 2.00 8.20 3.95 -0.00 57.85
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4. Determine stumpage price for final harvest timber if thinning has

been previously done (SPH). Use same procedures as outlined

above to calculate (SPW). The last two rows of Table 23 show

the cost and stumpage values derived.

Calculation of PNWT Values

Table 24 presents the results of one of two sets of basic calcu-

lations for the determination of value type present net worths. The

step by step calculation procedure carried out below will be done in

terms of the symbols used in the two previous tables and in the chap-

ter on model formulation.

Begin with a type that is stated in terms of age, size class, and

topographic zone. The first three columns of Table 24 show these

types.

Calculate the net returns to thinning (RT1) in the present year

using the formula:

RT1 = (NV1 - RV1) (SP1) - (AD1) (NV1 - RV1)

where

AD1 Administrative costs in dollars per M bd. ft. for

developing type i for thinning harvest.

NV and RV data are obtained from Table 22 while SP data are

obtained from Table 23.

Administrative cost data are based upon the following rates

per thousand for each type:



TABLE 24 ThE CONTHIBUTION TO PRESENT NET WORTH OF ThINNING BY
VALUE TYPE SHOWN WITH THE PRINCIPAL VALUE COMPONENTS

30 2 N 13.90 -60.65 17.64 468.20 17.64 367.42
40 2 N 28.23 47.21 24.87 660.21 24.87 518.10

30 3 N 22.01 51.40 19.09 506.69 19.09 397.63
40 3 N 35.85 173.22 27.58 732.31 27.58 574.69
50 3 N 41.69 293.80 40.71 1,080.86 40.71 848.21
60 3 N 42.92 394.05 59.02 1,566.87 61.68 1,285.05
70 3 N 46.50 455.87 84.84 2,252.24 95.78 1,995.43
60 4 N 43.36 524.94 64.57 1,714.21 68.84 1,434.25

70 4 N 45.92 572.74 94.07 2,497.24 107.32 2,235.76
30 2 S 13.90 -78.92 17.64 412.78 17.64 312.00
40 2 S 28.23 10.11 24.87 582.05 24.87 439.94
30 3 S 22.01 19.42 19.09 446.71 19.09 337.64
40 3 S 35.85 121.14 27.58 645.62 27.58 487.99
50 3 S 41.69 221.21 40.71 952.90 40.71 720.25

60 3 S 42.92 307.07 59.02 1,381.37 61.68 1,091.19
70 3 S 46.50 352.94 84.84 1,985.60 95.78 1,694.40
60 4 S 43.36 412.22 64.57 1,511.27 68.84 1,217.88
70 4 S 45.92 454.78 94.07 2,201.60 107.32 1,898.48

40.13
189 .32

160.46
330.84
526 .45

675 .87

712.67
804.91
834.22
21.86

152.22
128.48
278.77
453 .86

597 .25

644.14
705.61
757 .90

Present Year (RT) With Thinning (RUT) Without Thinning (RUW) Contribution
Age Size Topography Admin. Net Discounted Discounted Discounted Discounted to Present
Class Class Class Costs Returns Adm. Costs Net Returns Adm. Costs Net Returns Net Worth

---In Dollars--- In Dollars In Dollars -In Dollars-



Calculate the discounted net returns (RHT) of final harvest in

previously thinned types using the formula:

RHT1 = (T\71) (SPH1) (DF1) - (ADH1) (TV1) (DF1)

where

DF1 = the discount factor

ADH1 = the administrative costs in dollars per M bd. ft.

associated with developing a final harvest operation

in type i.

(TV) and (SPH) data are obtained from Tables 22 and 23 respectively.

Assume $2.10 perM bd. ft. for ADH.

Calculate the discounted net returns (RHW) of final harvest in

unthinned types using formula:

RHW1 = (WV1) (SPW1) (DF1) - (ADw1) (WV1) (DP1)

where
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ADW = the administrative costs in dollars per N bd. ft. asso-

ciated with developing a final harvest operation in type i.

Age Size Class Cost per M bd. ft.

30 2 5.25

40 2 5.25

30 3 4.75

40 3 4.75

50 3 4.25

60 3 3.75

70 3 3.75

60 4 3.25

70 4 3.25



(WV) and (SPW) data are obtained from Tables 22 and 23 respec-

tively. Assume $2.10 per M bd. ft. for ADW1

5. Calculate the contribution to present net worth of thinning

(PNWT) by the following formula:

PNWT1 = RT1 + RHT1 - Ri-lW1

The values and associated costs for these four terms are pre-

sented for each value type in Table 24.

Calculation of Unit Values

Begin with a unit. Specify the types present and the acreage of

each.

For each unit determine actual transportation costs based on unit

location. Use the following formulation which adjusts the PNWT1

of each value type within the unit to reflect actual costs:

AP1 = UP1 + (Th1)(AC-TC) + (TV1 -WV1)(AC-TC)(DF)

where

AP = PNWT of value type i adjusted to reflect transportation

costs based on unit location.

UP = Unadjusted PNWT of value type i.

Th = Per acre volume in N bd. ft. in value type i.

TV = Per acre volume in N bd. ft. at final harvest in a

previously thinned stand.

WV = Per acre volume in N bd. ft. at final harvest in a stand

not previously thinned.

AC = Transportation cost assumed in first evaluation of value

types.
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TC = Actual transportation costs based on unit location.

DF = Discount factor.

3, For each type in the unit calculate an adjusted PNWT based on

the formulation above. Then use the following formula to deter-

mine unit PNWT:

n

Unit PNWT = E (acres of typei x PNWT)
i= 1

where

n = number of value types in a unit.

Table 25 presents the PNWT for each unit available for thinning

in fiscal year 1969. The values given represent the results of one of

two sets of basic calculations made for the evaluation of value types

and units.

TABLE 25 PNWT IN DOLLARS FOR UNITS AVAILABLE
FOR ThINNING IN FISCAL YEAR 1969

Unit
No. PNWT

Unit
No. PNWT

Unit
No. PNWT

1 36,526 18 198,836 34 17,705

2 49,638 19 32,070 35 46,935
3 29,781 20 44,647 36 32,535
4 52,026 21 128,292 37 31,030
5 45,282 22 99,421 38 166,262
6 53,504 23 25,384 39 35,450
7 61,231 24 42,115 40 80,769
8 109,907 25 121,155 41 53,340
9 89,382 26 3,399 42 36,082
10 30,181 27 55,839 43 57,900
11 87,245 28 116,627 44 82,156
12 78,585 29 31,558 45 66,902
13 81,197 30 49,995 46 41,343
14 53,529 31 82,996 47 56,825
15 54,719 32 36,399 48 58,546
16 35,230 33 50,642 49 23,081
17 142,525 50 17,109



* N = Northside S = Southside

APPENDIX C

TABLES PRESENTING THE COEFFICIENTS USED IN CONSTRAINT FORMULATION
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TABLE 26. UNIT COEFFICIENTS FOR CHARGEABLE
THINNING VOLUME IN M BD. FT.

Unit No. &
Location* Volume

Unit
No. Volume

Unit
No. Volume

lN 79.3 l8N 2,284.7 35N 555.4
2N 231.6 19N 368.5 36N 386.8
3N 343.9 20N 500.2 37N 281.3

646.9 21N 585.3 38S 1,458.3

5S 514.3 22N 457.0 39S 401.3
6S 687.9 23N 115.8 40S 851.7

7S 687.9 24N 401.3 41S 605.6

8S 1,269.3 25N 1,392.1 42S 395.7

9S 1,048.2 26N 0 43S 659.5

lOS 352.1 27N 256.7 44S 939.0
11S 1,023.6 28N 601.0 45S 516.5

12S 999.1 29N 144.0 46S 371.1
l3S 931.0 30S 259.8 47S 637.7

14S 565.0 31S 397.5 48S 310.0

15S 477.6 32S 304.4 49S 0

16N 450.4 33N 573.2 505 40.9

17N 1,646.0 34N 81.4



* N = Northside S = Southside
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TABLE 27. UNIT COEFFICIENTS FOR TOTAL
VOLUME ThINNED IN N BD. FT.

Unit No. & Unit Unit

Location* Volume No. Volume No. Volume

IN 905.4 18N 3,459.9 35N 791.2

2N 846.9 19N 558.0 36N 551.0

3N 520.1 20N 798.2 37N 519.5

4N 985.0 21N 2,140.2 38S 2,902.5

5S 887.2 22N 1,671.0 39S 607.7

6S 1,041.7 23N 423.5 40S 1,655.2

7S 1,155.6 24N 812.0 41S 904.7

8S 1,922.2 25N 2,108.2 42S 676.8

9S 1,587.4 26N 217.2 43S 988.0

lOS 533.2 27N 938.5 44S 1,429.4

uS 1,555.4 28N 2,197.4 45S 1,366.0

12S 1,512.9 29N 526.5 46S 770.9

13S 1,402.7 30S 949.9 473 956.7

143 979.4 31S 1,627.1 48S 962.3

15S 1,061.4 32S 621.9 49S 498.1

16N 682.1 33N 868.1 50S 386.8

17N 2,492.6 34N 297.6



* N = Northside S = Southside
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TABLE 28. UNIT COEFFICIENTS FOR ADMINISTRATIVE
THINNING COSTS IN DOLLARS

Unit No. &
Location* Cost

Unit
No. Cost

Unit
No. Cost

IN 3,943 18N 12,975 35N 2,571

2N 3,176 19N 2,093 36N 1,791

3N 1,953 20N 2,838 37N 1,786

4N 3,702 21N 8,026 38S 11,156

5S 3,387 22N 6,266 39S 2,279

6S 3,906 23N 1,588 4OS 6,755

7S 4,504 24N 3,352 41S 3,294

8S 7,208 25N 7,906 42S 2,592

9S 5,953 26N 1,140 43S 3,620

lOS 2,000 27N 3,519 44S 5,028

uS 5,841 28N 8,240 45S 5,548

12S 5,674 29N 1,974 46S 3,054

13S 5,204 30S 3,562 47S 3,202

14S 3,858 31S 6,275 48S 3,367

15S 4,216 32S 2,332 49S 2,366

16N 2,558 33N 3,255 50S 1,791

17N 9,347 34N 1,116
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ThBLE 29. UNIT COEFFICIENTS FOR ENGINEERING ADMINISTRATION
COSTS IN DOLLARS AND MILES OF ROAD CONSTRUCTION
PER UNIT

Unit No. & Unit
Location Cost Miles No. Cost Miles

lN 480 1.60 26N 180 .6
2N 0 0 27N 354 1.18
3N 99 .33 28N 450 1.50
4N 114 .38 29N 99 .33
5S 114 .38 30S 114 .38
6S 170 .57 31S 312 1.04
7S 90 .30 32S 0 0
8S 90 .30 33N 180 .60
9S 90 .30 34N 84 .28

lOS 60 .20 35N 0 0
uS 327 1.09 36N 75 .25
12S 342 1.14 37N 84 .28
13S 171 .57 38S 285 .95
14S 369 1.23 39S 42 .14
15S 75 .25 40S 342 1.14
16N 0 0 41S 0 0
17N 84 .28 42S 0 0
18N 0 0 43S 30 .10
19N 210 .70 44S 72 .24
20N 0 0 45S 384 1.28
21N 396 1.32 46S 510 1.70
22N 342 1.14 47S 240 .80
23N 69 .23 48S 30 .10
24N 60 .20 493 0 0
25N 399 1.33 SOS 0 0



APPENDIX D

TABLE 30. CONVERSION OF THE FISCAL 1969 TILLANOOK PROJECT
ThINNING SALE PLAN TO EQUIVALENCE WITh PROGRNMED
DATA AND ASSUMPTIONS OF THE VALUE TYPE AND
UNIT APPROACHES
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Sale Plan
-

Acres

Total
Volume

Chargeable
Volume

Total
Cost

Engin.

Cost
PNWT
in

Types in N in N in in Dollars
bd. ft. bd. ft. Dollars Dollars

60-3-N-N 96 1,098.7 300.5 4,120 99 65,861
60-3-N-N 123 1,407.7 385.0 5,279 69 84,384
70-3-N-N 105 1,302.1 859.9 4,883 84 74,452
70-4-S-N 26 367.3 257.8 1,194 0 19,705
60-3-S-N 47 537.9 147.1 2,017 0 28,071
70-3-N-N 81 1,004.5 655.1 3,767 0 57,726
70-3-N-N 234 2,901.8 1,916.2 10,881 0 166,765
70-3-N-N 45 558.0 368.5 2,092 210 32,070
70-3-N-S 97 1,202.9 794.3 4,511 327 69,129
70-3-S-S 28 347.2 229.3 1,302 0 18,036
70-3-N-S 104 1,289.7 851.7 4,836 171 74,492
70-4-M-S 8 113.0 79.3 367 0 6,705
70-3-N-S 155 1,922.2 1,269.3 7,208 90 109,907
70-3-N-S 84 1,041.7 687.9 3,906 90 59,563
70-3-H-S 48 595.2 393.1 2,232 90 33,518
70-3-N-S 120 1,488.1 982.7 5,580 285 86,383
60-3-N-S 23 263.2 72.0 987 0 15,779
70-3-N-S 90 1,116.1 737.0 4,185 0 65,435
70-4-M-S 78 1,102.0 773.5 3,582 0 66,288
60-4-N-S 43 573.6 216.1 1,864 30 35,583
40-3-N-S 6 45.3 0 215 0 2,076
60-3-M-S 30 343.4 93.9 1,288 0 20,887

Total North 757 9,178.0 4,890.1 34,233 462 529,034
Total South 914 11,443.6 7,180.1 42,063 1,083 663,781

Grand Total 1,671 20,621.6 12,070.2 76,296 1,545 1,192,815



TABLE 31. VOUJME TABLE FOR ThINNING OPERATIONS AND FOR FINAL HPRVEST TIMBER *

(1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12)

Rotation Rotation
Total Volume Vol. W/0 Vol. With

Basal Volume Volume Remaining Thinning Thinning

Age Size DBH in Site Area in Percent No. of (NV) in Thinned (RV) in (WV) in (TV) in

Class Class Inches Class Sq. Ft. Thinned Thees Bd.Ft. in Bd.Ft. Bd. Ft. Bd. Ft. Bd. Ft.

* Data in tables 31, 32, and 33 based on the expected cutting age of stands rather

than on rotation age.

30 2 8 3 144 30.0 412 8,828 2,648 6,180 85,917 85,917

40 2 10 3 182 27.5 333 19,554 5,377 14,177 81,882 81,882

30 3 11 3 144 30.0 218 15,448 4,635 10,814 92,537 92,537

40 3 13 3 182 27.5 197 27,446 7,548 19,898 89,773 89,773

50 3 15 3 210 25.0 171 39,239 9,810 29,429 87,995 87,995.

60 3 17 3 232 22.5 147 50,867 11,445 39,422 86,541 86,541

70 3 19 3 251 20.0 127 62,006 12,401 49,605 81,825 81,825

60 4 21 3 232 22.5 96 59,291 13,340 45,950 94,965 94,965

70 4 23 3 251 20.0 86 70,639 14,128 56,511 90,458 90,458



* Other costs include moving in and setting up equipment.

TABLE 32. SIUMPAGE VALUES IN DOLLARS PER M BD. FT. FOR ThINNING OPERATIONS
AND FINAL HARVEST TIMBER

(1) (2) (3) (4)

Age Size Topography Realization
Class Class Class Value

(5) (6) (7)

Profit Thans-
Milling & Risk portation

(8)

Falling &
Bucking

(9) (10) (11)

Yarding Loading Other*

(12)
Stumpage
Value (SP)

30 2 N $102.00 $32.00 $10.00 $6.00 $39.90 $20.00 $11.40 $ .35 $-17.65
40 2 N 102.00 32.00 10.00 6.00 15.95 15.00 8.67 .35 14.03
30 3 N 102.00 32.00 10.00 6.00 15.51 12.00 10.30 .35 15.84
40 3 N 102.00 32.00 10.00 6.00 9.64 9.00 7.31 .35 27.70
50 3 N 102.00 32.00 10.00 6.00 6.98 7.00 5.47 .35 34.20
60 3 H 102.00 32.00 10.00 6.00 5.42 6.05 4.00 .35 38.18
70 3 H 102.00 32.00 10.00 6.00 4.39 5.05 3.70 .35 40.51
60 4 N 102.00 32.00 10.00 6.00 3.65 4.30 3.10 .35 42.60
70 4 H 102.00 32.00 10.00 6.00 3.16 3.95 2.75 .35 43.79
30 2 S 102.00 32.00 10.00 6.00 39.90 27.00 11.40 .25 -24.55
40 2 S 102.00 32.00 10.00 6.00 15.95 .22.00 8.67 .25 7.13
30 3 S 102.00 32.00 10.00 6.00 15.51 19.00 10.30 .25 8.94
40 3 S 102.00 32.00 10.00 6.00 9.64 16.00 7.31 .25 20.80
50 3 S 102.00 32.00 10.00 6.00 6.98 14.50 5.47 .25 26.80
60 3 S 102.00 32.00 10.00 6.00 5.42 13.75 4.00 .25 30.58
70 3 S 102.00 32.00 10.00 6.00 4.39 13.45 3.70 .25 32.21
60 4 S 102.00 32.00 10.00 6.00 3.65 12.85 3.10 .25 34.15
70 4 . S 102.00 32.00 10.00 6.00 3.16 12.40 2.75 .25 3544

(SPW)
80 W/o THN S 120.00 38.00 13.00 6.00 2.00 14.75 7.00 -0.00 39.25
80 w/o THN N 120.00 38.00 13.00 6.00 2.00 10.20 4.95 -0.00 45.85

(S PH)

80 THINNED S 125.00 35.00 12.00 6.00 2.00 12.75 6.00 -0.00 51.25
80THINNED N 125.00 35.00 12.00 6.00 2.00 8.20 3.95 -0.00 57.85



TABLE 33. THE CONIRIBUTION TO PRESENT NET WORTH (' THINNING BY
VALUE TYPE SHO1N WITH ThE PRINCIPAL VALUE COMPONENTS

Present Year (RT) With Thinning (RUT) Without Thinning (RHW) Contribution
Age Size Topography Admin. Net Discounted Discounted Discounted Discounted to Present

Class Class Class Costs Returns Adm. Costs Net Returns Adm. Costs Net Returns Net Worth
----In Dollars-- In Dollars In Dollars -In Dollars-

30 2 N 13.90 -60.65 13.71 364.00 13.71 285.65 17.70
40 2 N 28.23 47.21 14.97 397.30 14.97 311.78 132.73
30 3 N 22.01 51.40 14.77 392.05 14.77 307.66 135.78
40 3 N 35.85 173.22 16.41 435.59 16.41 341.83 266.97
50 3 N 41.69 293.80 18.42 488.98 18.42 383.73 399.05
60 3 N 42.92 394.05 23.76 630.77 23.76 495.00 529.83
70 3 N 46.50 455.87 55.49 1,473.14 55.49 1,156.05 772.95
60 4 N 43.36 524.94 26.07 692.17 26.07 543.18 673.93
70 4 N 45.92 572.74 61.35 1,628.57 61.35 1,278.03 923.29
30 2 S 13.90 -78.92 13.71 320.91 13.71 242.56 - .57
40 2 S 28.23 10.11 14.97 350.27 14.97 264.75 95.63
30 3 S 22.01 19.42 14.77 345.64 14.77 261.25 103.81
40 3 S 35.85 121.14 16.41 384.02 16.41 290.26 214.90
50 3 S 41.69 221.21 18.42 431.09 18.42 325.84 326.46
60 3 S 42.92 307.07 23.76 556.10 23.76 420.33 442.84
70 3 S 46.50 352.94 55.49 1,298.74 55.49 981.65 670.03
60 4 S 43.36 412.22 26.07 610.22 26.07 461.24 561.20
70 4 S 45.92 454.78 61.35 1,435.77 61.35 1,085.23 805.32



APPENDIX F

TABLE 34. ThE CONTRIBUTION TO PRESENT NET WORTh OF
ThINNING (PNWT) BY VAlUE TYPE UNDER
VARYING ASSUNPTIONS (TESTS l6)*

Test Number
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30-2-N 40 20 -48 18 -76 -61

40-2-N 189 211 75 133 27 47

3O-3-M 160 178 65 136 55 51

40-3-N 331 410 204 267 167 173

50-3-N 526 683 362 399 325 294

60-3-N 676 781 518 530 449 339

70-3-N 713 728 626 773 503 228

60-4-N 805 979 648 674 570 436

70-4-N 834 906 746 923 611 297

30-2-S 22 -4 -66 -1 -85 -79

40-2-S 152 157 38 96 4 10

30-3-S 128 135 33 104 39 19

40-3-S 279 334 152 215 121 121

50-3-S 454 569 289 326 249 221

60-3-S 597 659 435 443 355 260

70-3-S 644 609 546 670 420 159

60-4-S 706 820 542 561 451 337

70-4-S 758 771 656 805 515 220

* Test No. Assumptions

1. Basic assumptions used on pages 94-98.

Thinning conducted at an intensity of 40%.

Discount rate of 9% used.

Discount rate based on expected cutting age of
stand rather than rotation age.

Stumpage values based on 1970 prices rather
than 1968 prices.

No qualitative difference assumed between thinned
and unthinned timber at final harvest time.

Value Type
1 2 3 4 5 6


