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PREFACE

The start of this study goes back to the year 1964. Looking at the recent advance-
ment within the field of forest management, Professor AARNE NYYSSONEN, my principal
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Professors Laurt HErkiNaEIMO, KULLERVO KUUSELA, SEPPO MUSTONEN, and PArvio
RirHINEN have generously spent their time on perusal of the manuscript. Discussions
with Messrs. VELI-PEKKA JARVELAINEN, MATTI KELTIKANGAS, STIG NYSTROM, MATTI
PAro, and R1sto SEPPALA contributed to a better understanding of the problem involved.
Benefit was also derived from discussions with a number of Norwegian foresters, espec-
ially those with Mr SVEINUNG NERSTEN.

Mrs Marjarra MAATTA and Mr LArs REHNSTROM took part in various phases of
the office work, and the figures were drawn by Mrs IrRma NyrLanper. The English
text was checked by Mr F. A. FEWSTER.

I wish to express my sincere thanks to all these persons. The stimulating working
environment provided by the Institute of Forest Mensuration and Management also
contributed greatly to achievement of the task set.

My special thanks are due to the Computer Centres of the University of Helsinki
and the University of California for their granting free computer time; without this
it would have proved impossible to complete this study.

For the grant I received during this study I wish to express my thanks to the Uni-
versity of Helsinki. I am grateful to the W. K. Kellogg Foundation and the U.S. Insti-
tute of International Education in Finland, whose economic support enabled me to
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in Finland for the provision of a travel grant to Norway, and including this study in
its series of publications.
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1 INTRODUCTION

11 DEVELOPMENT OF CUTTING BUDGET METHODS

One of the key tasks in forest planning is the scheduling of timber harvests over a
forest area for a specified time period. The result of such planning is termed a cutting
budget, and forms the basis for the working plan. Consequently, a cutting budget —
no matter how simple or sophisticated it may be — is always needed in the practice of
planned forestry.

In Finland, cutting budgets have attracted interest from foresters since the early
part of this century (Ericsson 1906; LinproLm 1909; LonnrotH 1919; 1927). LinTo-
NEN (1943; 1959) developed the »rental cut method», which has been widely applied
both in practice and in scientific works (LraToNEN 1946; ILvEssaLo 1956; KaLLio 1958;
Linnamies 1959). Later on, Kuusera (1958a; 1958b; 1959) developed methods of making
increment forecasts in conjunction with the cutting budget and of determining the
largest permanent allowable cut. These methods were further developed in the work
done to estimate the cutting potentialities in the forests of Finland (HEIKURAINEN,
KuuseLa, LinnaMmies, and NyyssoNeEN 1960).

A method termed the »cutting budget for a desirable growing stock» was developed
by Kuusera and NyyssoNen (1962). This method has subsequently almost completely
superseded the rental cut method; in this method, the cutting budget is generally
prepared for a 20 year period. The growing stock is divided into age or treatment classes.
The allowable cut is determined by the original situation in each class, by the growth
rate of each class, and by the target given for each class. One important factor is the
size of the regeneration area, as the final goal is a relatively homogeneous age or devel-
opment class structure.

In Norway, work has been done to develop methods for determination of the largest
permanent allowable cut (balansekvantum) (NErRsTEN and DELBECK 1965). NERSTEN
(1965) has also made some tests involving substitution of the detailed cutting budget
by equations calculated by the application of regression analysis. A similar approach
was later used by KiLkkr (1966) and Rorko-Jokera (1966).

In different countries, cutting budget methods often include features arising from
the circumstances in which they are applied. Logging techniques, utilizable wood, and



other special characteristics have shaped the cutting budget methods. However, during
recent years mote general methods, with the employment of electronic computers,
have in many countries taken the place of the traditional cutting budget methods. It
has been noticed that the preparation of a cutting budget is a task which can be effected
by means of new tools of the management sciences. Several alternative methods have
been suggested, such as simulation (GouLp and O’REGAN 1965; Majrvskis 19655
K1k k1 1966), linear programming (STRIDSBERG 19595 Curtis 1962; LEak 1964; Loucks
1964; WARDLE 1965 ; Kipp, THOMPSON, and HoEPNER 1966; HorFLE 1967 ; KiLkkr 1967;
LirrrscawAGER and TcHENG 1967; v. MALMBORG 1967), and dynamic programming
(Armvizu 1958; Hoor 1966).

It seems evident that the new methods can be applied to forest planning problems.
Nevertheless, a number of difficulties arise from such items as inadequate data, unu-
sually long planning period, and the magnitude of many problems. All these difficulties
must be surmounted before the new tools can be applied efficiently.

Moreover, it has become apparent that cutting budgets can no longer be based
upon volumes alone. Several authors have also taken into account the financial yield
(e.g. Oswarp 1931; Gourp and O’REGAN 1965; NErsTEN and DELBECK 1965; KiLkkr
1966). The cutting budget has further been seen as a part of the greater problem involved
in planning the whole forest undertaking (v. MALMBORG 1967). Accordingly, the entire
planning situation must be considered when cutting budgets are under preparation.

The recent development in planning methods and needs has led to a situation in
which the traditional cutting budget methods are no longer adequate. Methods are
needed that are faster, more accurate, and provide more information than those applied
today.

12 ECONOMIC FRAMEWORK

121 Planning situation

The object of this study is a pure forest undertaking of which the property consists
solely of the land and growing stock. For the purposes of analysis, it is assumed that
(1) the forest will be grown forever; (2) prices of timber and the productivity of soil
will not change; (3) all the timber is sold as stumpage; (4) a constant amount of money
is paid annually for management costs; (5) reforestation costs are paid at the end of
the rotation, and no other silvicultural costs are entailed; (6) thinning and clear cutting
with reforestation are the only activities that can occur in the forest (reforestation is
considered as an obligatory silvicultural measure following clear cutting); (7) no uncer-
tainties are involved.

The owner of the forest undertaking has to decide what kind of cutting policy he
will practise in the future. It is assumed that the main interest of the forest owner lies

in the net income from his forest undertaking. This can be expressed by the following
function:

NCR = f() F==Tynu, 1)
where NCR = annual net cash receipts
t = year

The sum of the annual net cash receipts and the annual disbursements determines the
stumpage value of timber to be cut in one year:

GCR = NCR + C, + C, 2)
where GCR = gross annual income from sales on the stump

Gy = annual management costs

Cr = annual reforestation costs

The decision-making process the forest-owner has to undergo can be illustrated
by a diagram based on papers by Tornqvist (1963, pp. 1—5) and Niurramo (1967,
Appendix 2). This diagram is presented in Figure 1.

Figure 1. Structure of the decision-making process of the forest owner.
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First, the forest owner has to investigate the decision-making situation. If he is to
be able to do this, adequate information on the forest must be at hand. This information
is obtained by forest inventories, and by the use of growth and yicld tables. Also, he
has to study his own economic situation, to arrive at an approximation of his expecta-
tions of income from the forest, and the measures he is able and willing to adopt in the
forest.

Secondly, the forest owner has to define some alternative NCR functions which
might be satisfactory.

Thirdly, the forest owner has to form anticipations for different NCR functions.
An anticipation shows what the development of the forest will be in the future, and
how the cuts should be scheduled to satisfy a given NCR function. It may appear that
an INCR function is not feasible, as it would result in a situation with more timber
being cut than the law or the total amount of growing stock allows. It is then necessary
to revert to phase two, and reduce the net cash receipts requirements.

In the fourth phase of the decision-making process, the forest owner has to evaluate
the anticipations for different NCR functions. Since there is an infinite number of
different cutting schedules, this evaluation leads to an iterative procedure in which the
most desirable NCR function is arrived at by trial and error experimentation.

The following four main aspects have to be considered by the forest owner in his
decision on the NCR function he wishes to follow: (1) profitability, (2) readiness to
pay, (3) security, and (4) non-market values (RUNEBERG 1959, p. 37). Profitability here
relates to the long-term economic result, and may be expressed by the net present-value
of the future income. Readiness to pay corresponds to the net cash receipts during a
given period. Security aspects, such as the relationship between the entrepreneur’s and
borrowed capital may also exercise an influence upon the decisions made by the forest
owner. There may also be some non-market values, such as aesthetic ones the forest
owner wishes to preserve.

Profitability is certainly the factor of greatest interest to most forest owners. However,
many forest owners are not economically independent of the level of cuts in their for-
ests; thus they cannot follow the cutting policy which would lead to the highest net
present-value of future income, but must time the cuts in accordance with their cash
needs. Moreover, there are forest owners who themselves work in their own forest,
and forest owners who use the timber in their own woodworking plants. All of these
aspects must be taken into account in evaluation of the anticipations for different NCR
functions.

In the fifth phase, the forest owner has to choose the most desirable feasible NCR
function on the basis of the anticipations and their evaluation.

The sixth phase comprises implementation of the cutting plan, based upon the most
desirable feasible NCR function.

As a rule, an NCR function apparently best at one time cannot be followed for a
very long time. The reasons which lead to adjustment of the NCR function are attrib-
utable either to changes in the economic situation of the forest owner, or to inaccurate
forecasting methods. Moreover, the changes in the general economic situation reflect

1

on the planning situation, for instance on timber prices and costs. Forest inventories
provide the method for checking the accuracy of the anticipations. Phase seven, which

includes the inspection of working plans, always leads to the beginning of the decision-
making process.

122 Forest model

The forest area which forms the basis for planning is characterized by the following
properties: (1) it is divided into forest stands identified by site, age, and area; (2) there
are only three different sites (1=MT, 2=VT, 3=CT), and one tree species (Scotch
Pine); (3) the geographical location of the stands does not restrict treatment of the
stands; (4) if necessary, each stand can be divided into parts.

The data employed for description of the structure and development of the forest
stands have been largely drawn from a paper by NyyssoNen (1958). He has given data
that illustrate the volume of and distribution of timber in different assortments as a
function of site and age. The data relate to even-aged Scotch Pine stands in Southern
Finland. The volumes are expressed as solid measure, excluding bark.

For analytical purposes, the forest stands are divided into young and old stands.
These are defined as follows:

Age of
Site Young stand Old stand
years
1 0 — 39 40 or more
2 0 — 49 50 or more
3 0 — 59 60 or more

In young stands, the development of growing stock volume is based upon Nyysso-
NEN’s data (Table 1). 1t is assumed that the development of young stands strictly follows

Table 1. Volume growth and thinning removal in young forest stands, cu.m./ha./5 years.
Growth Removal
Age, ]

years Site
1 2 3 1 2 3
0 0 0 0 0 0 0
5 5 0 0 0 0 0
10 15 15 8 0 0 0
15 27 20 10 9 5 5
20 35 22 10 10 5 6
25 44 27 11 13 10 6
30 45 30 14 20 13 8
35 50 32 16 30 16 8
40 35 15 19 8
45 40 16 22 9
50 17 10
55 17 10
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these figures. Thus, there is thinning removal every fifth year in young stands. In old
stands, cuttings are more flexible, and consequently a function is employed for deter-
mination of the growth between two cutting operations. It is assumed that the volume
growth in old stands follows a volume growth function calculated for Scotch Pine
stands by Kuusera and Kivkkr (1963, p. 27). This function has the following form:

—1.230 1 0—0.0013091; )

7, = 11.38 ¢ 3)
where 1, = current volume growth, cu.m./ha./ycar
¢t = age, years
v = volume, cu.m./ha,

The unit values of growing stock as a function of site and age were calculated (Table
2) by application of the unit prices given by Nyvssonen (1958). As stumpage prices

Table 2. Unit values of growing stock, Fmk/cu.m.

Age, Site Age, Site

ears ar.

v 1 2 3 JES 1 2 3
0 0.0 0.0 0.0 65 16.9 13.0 7.5
5 0.0 0.0 0.0 70 18.8 14.3 8.0
10 0.0 0.0 0.0 75 20.1 15.9 8.7
15 1.5 0.0 0.0 80 21.4 17.4 9.4
20 6.8 2.3 0.0 85 22,5 18.7 10.2
25 71 4.8 0.0 90 23.6 19.9 111
30 7.5 7.3 2.0 95 24.3 20.8 12.0
35 8.2 7.5 2.4 100 25.0 21.7 13.0
40 9.0 7.7 29 105 25.5 22.5 14.4
45 10.3 8.7 4.2 110 26.0 23.2 15.9
50 11.7 9.7 5.2 115 26.3 23.8 171
55 13.3 10.7 6.1 120 26.6 24.4 18.3
60 15.0 11.7 6.9 125 26.8 24.8 19.4

have risen to some extent in Finland since NyyssoNEN’s paper (1958) was published
these figures no longer indicate the real price level. Nevertheless, no drastic changes
have occured in the price ratios of the different assortments during the last decade
(HeikiNaEIMO, KUUSELA, and StvoNEN 1967, pp. 15—30). Thus the figures in Table 2
probably still hold good as relative unit value estimates. The relatively small difference
in unit values of the total growing stock and of the thinning removal has been ignored.
The unit values of the total growing stock are also used for the thinning removals.

Based upon the data reported by NyvssoNen (1958, p. 41), reforestation costs are
assumed to be:

Site Reforestation cost, Fmk/ha.
1 60
2 50
3 40
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These figures apply to natural regeneration, and may today be too low in comparison
with the stumpage prices.

To reduce the number of calculations in linear programming, it is assumed that man-
agement costs are zero.As the management costs were taken as constant every year (p.8),
it is possible to include them by raising the level of the NCR function (1) by
their amount.

To make the calculations more rapid in execution it is assumed that the cutting and
reforestation activities take place only at 5 year intervals. All the cuts needed to satisfy
the net cash receipts requirements over a 5 year period are made at the beginning of
the period. Moreover, the reforestation costs are paid at the beginning of the 5 year
period. As an old forest stand is thinned, the thinning removal is not allowed to fall
below a given minimum figure, since very slight thinnings do not occur in practice.

13 PURPOSE OF THE STUDY

The purpose of this study is that of developing methods for the formulation of
anticipations needed in the decision-making process of the forest owner. This corre-
sponds to phase three in Figure 1. The anticipations are obtained by the preparation of
cutting budgets.

The cutting budget models to be developed in this study are based upon a given
NCR function (1) for the forest undertaking. For practical reasons, a limit must be
imposed on the period for which the NCR function is specified. This limited time is
termed the planning period. An estimate of the NCR function after the planning period
is expressed by the net present-value of the future income from the forest undertaking
at the end of the planning period. This entity, referred to later as the value of the forest
undertaking, does not indicate the form of the NCR function, but the average level
of the net cash receipts after the planning period.

The aim of the cutting budget is that of defining the cutting schedule that satisfies
a given NCR function during the planning period, and maximizes the value of the forest
undertaking at the end of the planning period. Another purpose in mind is that the
cutting budget provides adequate information of the development of the forest needed:
to evaluate different NCR functions, and the information needed to implement the
cutting plan chosen on the basis of the alternative cutting budgets.

Two different methods, simulation and linear programming, are employed in con-
struction of the cutting budget models. As the models are ready, their relative efficiency
is tested. Analysis of the duality is carried out at the end of the study. The purpose is
then that of illustrating the information provided by the models to the forest owner,
and analysis of the interrelationships between the two models.

The cutting budget models to be developed in this study are so called deterministic
models. The model is deterministic if there is only one possible outcome once stated
input information has been given (ANDERSIN 1967, p. 1).



2 PLANNING METHODS

21 SIMULATION

211 Principles

This section contains a discussion of the aspects of numerical simulation that are
of interest to this study, largely based upon the paper by HiLLIER and LIEBERMAN (1966).

Simulation is the technique of performing experiments on a model of a system.
The experiments are made with the model, since the real system would be too expensive,
time-consuming, and in many cases quite unsuitable for experimentation.

The simulation model describes the operation of the system in terms of individual
events of the individual components of the system, rather than its over-all behaviour.
The system is divided into elements with behaviour which can be predicted, at least
in terms of probability distributions. The interrelationships between the elements are
built into the model.

After the model has been constructed, it is activated by generating input data to
simulate the actual operation of the system. By repeating this for the various alternative
design configurations, and comparing their performances, the most promising con-
figurations are discoverable. Thus the optimum, or a satisfactory, near optimum con-
figuration, is derived as a result of an iterative procedure which call for a number of
simulation operations (ANDERsIN 1967, pp. 167—187). The main problem is often that
‘of reducing the number of alternatives to be tested. This can be effected by developing
decision-making rules built into the simulation model which indicate the policy that
leads near the desirable optimum. In a favourable case, a satisfactory near optimum may
be found with one simulation operation, even though more operations are generally
required to demonstrate this optimum.

Simulation is a versatile, and often the easiest means of approach to the problem.
However, several serious weaknesses exist in simulation. In most cases, library prog-
rams are not available, and computer programming requires a great deal of time. It
is also difficult to explain to other people what the simulation model really does. Nev-
ertheless, simulation introduces the temptation of stopping half-way in formulating
the problem. Thus, if it is possible to construct a solvable mathematical model that
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is a reasonable idealization of the problem, this analytical approach is generally superior
to simulation.

Simulation has already been used in forest planning (p. 8). In fact, all former cutting
budget methods can be regarded as simulation, even though the calculations were made
manually. However, the use of electronic computers has completely changed the situation.
Before the advent of computers, only very few and limited calculations were practicable.
Today, a number of sophisticated cutting budgets are effected with ease.

212 Decision-making rules
2121 Analyzing investment decisions

One of the key problems in simulation is that of determining the policy to be follow-
ed as decisions are made during the simulation process. The aim of this decision-policy
is to make the simulation model more automatic (TOrRNQvIsT 1963, p. 8), and to reduce
the number of simulation operations required to find a satisfactory near-optimum
configuration (p. 14).

Simple rules need to be found which will indicate the optimum allocation of growing
stock at a given point of time, in order to maximize the value of the forest undertaking.
The decisions based upon these rules are so-called automatic decisions (TORNQVIST
1963, p. 8), since the decision is always the same when the decision-making situation
is the same. Naturally, these rules apply only to the old forest stands, as there is only
one cutting schedule for young stands on each site (p. 11).

If the land and growing stock are regarded as capital, methods used in capital bud-
geting are available to find the decision-making rules for optimum allocation of
the growing stock. The methods applied in evaluating investments are founded upon
the use of two basic concepts: the present-value and the internal rate of return (cf. Honko
1963, pp. 80—88; BrermaN and Smipr 1966, pp. 25—31).

As the present-value method is used, it is assumed that an unlimited amount of
capital is available at a given rate of interest. Investments are ranked in accordance
with the net present-value of the investments calculated as a difference between the
present value of the proceeds and the present value of the outlays. The investment is
accepted if the net present-value is positive, and rejected if negative. If several mutually
exclusive investments exist the one chosen is that giving the highest net present-value,
provided its net present-value exceeds zero.

As the internal rate of return is used, it is assumed that the amount of capi-
tal is limited. The problem is that of finding the investment objects with which the
limited capital gives the highest yield. To solve this problem, the internal rate of return
must be calculated for each investment alternative. The internal rate of return is the
rate of interest which makes the net present-value of the investment zero. Ranking
of the investment alternatives is done in accordance with the internal rates of return.
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The amount of capital available determines the limit between the accepted and rejected
investments. If there are two or more mutually exclusive investments, then generally
the one chosen is that which yields the highest internal rate of return. However, in
some cases a more detailed analysis is needed (BiermaN and Smipr 1966, p. 48).

As the amount of land and growing stock is limited in accordance with the planning
situation (p. 8), the internal rate of return seems a better indicator for evaluation of
the different allocations of growing stock. Difficulties in the use of the internal rate
of return described by BrErmaN and SmIpT (1966, p. 48) also arise in this study. However,
it was decided to use the internal rate of return, since the merits appeared to outweigh
the demerits. Moreover, the present-value method has been suggested in forest planning
by several authors (cf. JORGENSEN and Sere 1954; Poso 1965; JoHNsTON, GRAYSON,
and Brabprey 1967, pp. 108—132).

The allocation of growing stock among forest stands can be changed by cuts. The
problem is consequently how to determine the part of growing stock to be cut in one
year to obtain given net cash receipts, and to maximize the value of the forest under-
taking after cutting. As this is done on each occasion cuts are made during the planning
period, the hoped for result is that the value of the forest undertaking will be maximized
at the end of the planning period. Naturally, it may happen that an action which seems
advisable at a certain moment is not the best one when the whole planning period is
considered. However, it is part of the nature of simulation that the over-all behaviour
of the model cannot be kept under control (p. 14). It is therefore not very important
theoretically which method of investment evaluation is applied with simulation, as
neither of them is really valid in a complex situation (WEINGARTNER 1963, p. 27).

The limit between the part of growing stock to be cut, and that to be left for future
growth, is determined by means of the internal rate of return. The internal rate of return
that divides the growing stock into parts to be cut and those to be left, so that the
required net cash receipts are obtained exactly, is referred to in this study as the »Internal
Rate of Return». Since cuts consist of both thinnings and clear cuttings, use of the
internal rate of return is somewhat complicated. There are internal rates of return which
correspond to both thinning and clear cutting activities. In the case of thinning, only
the growing stock is considered as invested capital, but for clear cutting, both land
and growing stock constitute the invested capital (KiLkkr 1968).

The internal rate of return expresses the marginal efficiency of the capital. Marginal
analysis has already been used in the determination of optimum growing schedules
for forests. NyyssONEN (1958) and Duerr (1960, pp. 134—135) have shown how to
determine the optimum rotation for the fully regulated forest given a guiding rate of
interest. The same approach can be made for a forest stand: the optimum rotation is
found at the point where the difference between the current net value growth and the
rent of the growing stock falls below the average soil rent (KrLkkr 1968).

Marginal analysis has also been used for determination of the optimum density of
growing stock in selection forests (DUERR and BonND 1952). There, the optimum density
corresponds to the level of growing stock where the cost of adding one value unit of
timber equals the increase in the value growth.
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2122 Optimum density of growing stock

In this study, the rough assumption is made that the optimum density of an even-
aged stand can be determined by the same method as that applied in selection forests
(Duerr and Bonp 1952). It is thus assumed that the growth of an even-aged stand
reflects only the present situation, and not the history of the stand (KiLkkr 1968).
With the data given in chapter 122, information is obtainable on the value growth of
the stand. By interpolation, unit values of growing stock can be arrived at for each
vear from Table 2. This relationship can be denoted:

U = f(1,B) “
where
U unit value of growing stock, Fmk/ha.
/ age, years
B = site

By combining functions (3) and (4), a value growth function is obtained:

Z =@ + 1) f(t + 1, By — v f(2, B) 5)
where

Z = current value growth, Fmk/bha./year
r = volume, cu.m./ha.
Iy = current volume growth, cu.m./ha./year

The optimum density of the growing stock is derivable from the value growth

dl,
function (5). When the first derivative of this function is taken, and % from

function (3) is introduced, the derivative becomes:

dz f(t +1, B)
f&.Bdv ~  f(+,B)

1
(1 + ;"— 0.003014 1,) —1 (6)

which gives the internal rate of return from growing the stand for one more year, as
only thinning is possible. When the internal rate of return under assumption of thinning
equals the Internal Rate of Return, the density of the growing stock is at the optimum.
However, no simple mathematical equation was derivable for calculation of the optimum
growing stock, and accordingly the optimum growing stock levels were determined
by computer iterations; some of the results of these are presented in Figure 2.

Some peculiarities are apparent in Figure 2. The optimum density at the same stand
age is generally greater on poor sites than on good ones. This is partly attributable to
the volume growth function (3), which does not exhibit any difference between the
growth intensity on poor sites and that on good sites. The reasons for this phenomenon
have been more widely discussed in the paper by KuuseLa and Krukkr (1963, pp.31—32).

2
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Figure 2. Optimum density of growing stock. s
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Another explanation may be that the influence of the density on the unit value func-
tion (4) has not been taken into account. Nevertheless, it is possible that as a conse-
quence of different stages of development on different sites, the optimum density on
poor sites is in fact higher than that on good sites of the same age.

Another peculiarity in Figure 2 is that in general the optimum growing stock decre-
ases with increase in age. Mathematically, this is dependent upon the form of the volume
growth function (3), as if it is assumed that the unit value of growing stock is indepen-
dent of age, then the younger the forest the higher is the optimum growing stock figure
derived by function (6). This is true for all rates of interest greater than zero. An in-
crease in unit values according to age causes some exceptions to this rule. The question
of whether the growth function is wrong, or the growth phenomenon really follows
this kind of pattern is an interesting one; it was not studied more thoroughly in this
work. However, some evidence is to be found of a possible diminution in the optimum
growing stock as the age increases. CHAPPELLE and NELsoN (1964) have noticed the
same phenomenon in the use of marginal analysis for determination of the optimum
growing stock. Moreover, by inference it is possible to say that the optimum growing
stock will be zero in a forest stand which is old enough, as at a given age it is impossible
to achieve even a value growth percentage which is as high as the marginal rate of return
required. This will certainly happen even though the growing stock is reduced to the
minimum to stimulate the growth rate. Another thing, of course, is that the forest
stand may be clear cut before the density gets very low. Reasons that justify clear cutting
are discussed in the following section.

As the cost of thinning per unit volume cut increases on reduction of the thinning
removal, the growing densities indicated by the figures drawn from function (6) cannot
be followed in practical forestry. Consequently, a minimum thinning removal is intro-
duced (p. 13). Thus, it is assumed that as the density of the growing stock exceeds the
optimum by the amount of the minimum thinning removal, the economic loss resulting
from the reduced growth rate exceeds the extra cost involved in thinning. Of course,
this method is no more than approximate, and more research would be required for
determination of how the optimum stocking level does in fact depend upon the stand
characteristics and logging costs.

2123 Financial maturity

In the use of marginal analysis for determination of the maturity of a forest stand,
the test criterion (internal rate of return) is expressed by the following formula:

Z=% 100 KiLkkr 1968
= =5 . r ILKKI
=1 ( ) ™
where p = internal rate of return under assumption of clear cutting
Z, = current value growth of a stand # years old, Fmk/ha./year
(o = annual costs in a stand 7 years old, Fmk/ha./year
Vi—1 = stumpage value of a stand #-1 years old, Fmk/ha./year

L = soil value, Fmk/ha.
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When p equals the Internal Rate of Return, 7 expresses the age of financial maturity.
This is true of stands beyond a critical age. In very young stands, p may be even nega-
tive, as the value growth is less than the costs. Moreover, if great variations exist in
the value growth in old stands, formula (7) may not give correct answers. In such cases,
 should be calculated as an internal rate of return for a number of years. Also, if the
cutting interval is relatively long, p should be calculated for more than one year.

One of the key problems is concerned with determination of the soil value (2). If
it is a matter of a fully regulated forest model, the soil value should be calculated by
dividing the average soil rent of the fully regulated forest by the guiding rate of interest.
For a single stand, the soil value should be determined by the Faustmann formula (cf.
E~pRrEs 1923, p. 58; KeLtikaNGas 1947, p. 37). In practice, however, financial maturi-
ties determined by means of either of these soil values are quite similar (NYYSSONEN
1958, p. 21).

Theoretically, the appropriate level of the soil values employed in determination
of the financial maturity should correspond to the level of the Internal Rate of Return,
which again depends on the planning situation, and may vary over the planning period.
Tt is consequently uncertain whether the soil values should also vary, or remain constant.
This uncertainty is one of the difficulties in the use of the internal rate of return (p. 16).
However, in some experiments with the simulation model it appeared that the use of
either constant soil values, or exact following of the Internal Rate of Return in their
determination did not induce any noteworthy change in the results. Nevertheless, it
is important that as constant soil values are used, they should be at the correct level,
as this determines the ratio between the thinnings and clear cuttings.

The soil value indicates the value ascribed by the forest owner to the income in the
distant future. If the forest owner, for instance, wants simply to maximize the stumpage
value of the growing stock at the end of the planning period, and the planning period
is relatively short, the appropriate soil values are close to zero.

It is important that the decision whether to clear cut or not is made only after the
stand has been thinned to the optimum density indicated by function (6). Otherwise,
the internal rate of return under an assumption of clear cutting (formula 7) may show
that the stand should be clear cut, although the low growth rate depends upon too
great an amount of growing stock (KiLkkr 1968).

To acquire information on the soil values on different sites, the Faustmann formula
was applied, and the following procedure employed in calculating harvesting incomes.

In young stands, harvesting incomes were arrived at by direct application of the yield
and unit value tables (Tables1 and 2). Old stands wete grown in accordance with volume
growth function (3). When the volume of the growing stock was 50 cu.m./ha. higher than
the optimum density (Figure 1), the stand was thinned to the optimum density. Rates of
interest 0.5, 1.0, 1.5, 2.0, 2.5, 3.0, 3.5, 4.0, 4.5, and 5.0 per cent were used. The same rate
of interest was employed both in discounting the incomes and costs, and in determination
of the optimum densities.

These calculations were made for all three sites. The maximum soil values and the
corresponding rotations are given in Table 3. CuappELLE and NELsoN (1964) employed
a similar method for calculation of the soil values.
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Table 3. Maximum soil values and the corresponding rotations.
Soil value, Fmk/ha. Rotation, years
Rate of
interest, .
per cent Site
1 2 3 1 2 3
0.5 24330 17560 7910 100 120 120+
1.0 9740 6710 2850 95 110 1204
1.5 5240 3470 1340 90 105 120+
2.0 3190 2040 690 90 100 120+
2.5 2080 1290 380 85 95 120 -+
3.0 1430 850 210 80 90 120+
3.5 1010 580 120 80 90 120
4.0 730 410 70 78 85 115
4.5 540 290 40 70 80 110
5.0 400 210 10 70 80 95

2124 Combined use of thinning and clear cutting

If the previous concepts of the optimum density and financial maturity are combined,
it is possible to derive automatic decision-making rules that indicate how forest stands
should be treated in a given situation.

If consideration is given only to cutting and reforestation activities, only one of
the following operations can be carried out in a forest stand at a given moment (KrLkxkr
1963):

1. Leave for future growth
2. Thin, leave for future growth
3. Harvest and regenerate

The following method can be applied for determination of which of these three treat-
ments should take place. This method also indicates how much to thin in case 2.

First, there is determined the Internal Rate of Return that results in the appropriate
division between the part of the timber to be cut, and that to be grown forward on the
forest area (p. 16). Thus, the situation in the forest before cutting and the NCR function
(1) together determine the Internal Rate of Return. An iterative procedure which yields
an estimate for this appropriate Internal Rate of Return is discussed in section 213. Follow-
ing this, all the stands are examined. If the Internal Rate of Return is higher than thes internal
rate of return under the assumption of thinning (function 6), the stand will b thinned.
If the internal rate of return under the assumption of clear cutting (formula 7) after possible
thinning is higher than the Internal Rate of Return, the stand will be left for future growth;
if lower, the stand will be regenerated.

An example of the limits between the three possible treatments of the stand is pre-
sented in Figure 3. The site is 2, and the Internal Rate of Return 3 per cent. The soil
value employed in calculation of the internal rate of return under the assumption of
clear cutting also corresponds to a rate of interest of 3 per cent (Table 3). If, for example,
there is an 80-year-old stand 250 cu.m./ha. in volume, the stand should be thinned. The
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growing stock after thinning equals the optimum growing stock, i.e. 170 cu.m./ha.
and the stand is left for future growth.

Probably, it would have been more realistic to choose another, more traditional
growing pattern than that indicated by function (6). However, the growing densities
obtained by function (6) were employed, because only then it is possible to make an
objective comparison between the simulation and the linear models. If other growing
densities than these had been used in the simulation model, this would have favoured
the linear programming approach.

213 Simulation model

A simulation model for cutting budgets was prepared with FORTRAN 1v program-
ming language.

The input information comprises (1) data describing the original situation in the
forest, (2) growth data and the necessary technical coefficients, (3) specifications for
the decision-making rules, (4) NCR function (1) for the whole planning period, and
(5) specifications for calculating the value of the forest undertaking at the end of the
planning period.

At the beginning of the first 5 year period, there is calculated the value of
the thinning removal from the young forest stands. The total net cash receipts require-
ment, minus this entity, gives the net cash receipts requirement from the old stands.
The next step is that of finding the Internal Rate of Return which yields a combination
of cutting activities (p. 16) such that the required net cash receipts are derived. The
following iterative procedure is used to determine this Internal Rate of Return.
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First, a rate of interest of 0.5 per cent is tested. All the old stands with a growing stock
exceeding the optimum are thinned to the optimum density if the thinning removal exceeds
the minimum removal. The forest stands for which the internal rate of return under the
assumption of clear cutting after possible thinning is less than 0.5 per cent are clear cut
and regenerated. The reforestation costs are subtracted from the timber selling incomes.
If the difference covers the net cash receipts requirement from the old stands, this indi-
cates that the appropriate Internal Rate of Return lies somewhere below 0.5 per cent, and
this figure is employed as an estimate for it. If the net cash receipts requirement is unsat-
isfied, the rate of interest is increased in 0.5 per cent increments until the required net cash
receipts are arrived at. The last rate of interest is considered as an estimate of the Internal
Rate of Return.

If only the above procedure is applied, it is impossible to obtain the exact net cash
receipts required to satisfy the NVCR function; they always exceed the requirement.
This occurs because the Internal Rate of Return is determined only to an accuracy of
0.5 per cent, and because the number of forest stands is limited. To arrive at an exact
figure for the net cash receipts required the following procedure is applied.

After the Internal Rate of Return has been determined to an accuracy of 0.5 per cent,
the old forest stands are so ranked that the stand with the lowest internal rate of return
under the assumption of thinning comes first, and the stand with the highest internal rate
of return last. Old stands are thinned to the optimum density in a given order if the pos-
sible removal exceeds the minimum removal. A check is made after the thinning of each
stand to find whether the net cash receipts requirement is fulfilled. If not, the next stand
on the list is thinned. This procedure is continued until all the stands have been thinned,
or the net cash receipts requirement is fulfilled. If the net cash receipts requirement is satis-
fiable by thinnings, the harvest from the last stand to be thinned is reduced to meet the
requirement exactly.

The unsatisfied net cash receipts requirement left after thinnings is covered by revenues
from clear cuttings. Old forest stands are so ranked that the stand with the lowest internal
rate of return under the assumption of clear cutting comes first, and the stand with the
highest internal rate of return last. This ranking is applied until as many stands are clear
cut as are necessary to meet the rest of the net cash receipts requirement. The last stand
to be cut is always divided in two, and only one of these parts will be clear cut, in order
to follow the NCR function exactly.

It should be mentioned that the average annual value growth during the following
5 year period is employed in calculation of the internal rates of return.

In the previous method, priority was given to thinnings, as financial maturity can
be determined accurately by means of the internal rate of return only if the stands have
first been thinned to the optimum density (p. 20).

The forest stands are grown for an additional 5 years. The foregoing procedure
is repeated at the beginning of the new 5 year period, applying the net cash receipts
requirement given by the NCR function for this period. This series of steps is repeated
until the planning period is over.

After computations have been made for the whole planning period, each forest
stand is grown for # more years, to determine the value of the forest undertaking at
the end of the planning period. The growing procedure is quite similar to that described
above. However, a constant quiding rate of interest is employed throughout the whole
period of calculation in determination of the stand treatment. All the net cash receipts
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during these 7 years are discounted to the end of the planning period. Moreover, the
stumpage value of the growing stock after 74-5 years is discounted, and added to the
sum of all the discounted net cash receipts. The total sum is considered as the net present-
value of the future incomes from the forest undertaking at the end of the planning
period or the value of the forest undertaking.

This method of calculating the value of the forest undertaking implies the assump-
tion that the sum of the net present-values of all forest stands represents the total value
of the forest undertaking at the end of the planning period. This is a strong assumption
which does not hold in all circumstances (SAart 1942, pp. 18—30). However, the value
of the forest undertaking obtained by this method is very practicable, and is probably
an adequate estimate if the planning period is comparatively long.

214 Example

To illustrate the simulation model, a cutting budget is made for a forest area which
could be described in terms of the forest model presented in section 122. The total area
of the forest is 45.92 hectares; it is divided into 11 stands. A cutting budget was con-
structed for a 20 year period, with the assumption that the net cash receipts requirement
at the beginning of each 5 year period is 14,000 Fmk. Soil values corresponding to a
rate of interest of 3 per cent were used in determination of the financial maturity. The
minimum thinning removal was assumed to be 50 cu.m./ha. in old stands. The period
over which the future incomes were discounted in order to determine the value of the
forest undertaking at the end of the planning period was 100 years. A rate of interest
of 3 per cent was applied in discounting.

The complete computer output is presented in the Appendix; this illustrates the
detailed development of the forest area during the planning period.

22 LINEAR PROGRAMMING

221 Principles

»The general problem of linear programming is zhe search for the optimum (minimum
or maximum) of a linear function of variables constrained by linear relations (equations or inequali-
ties) called constraints» (SIMONNARD 1966, p. 6). The algebraic formulation of the pre-
ceding definition is:

n
minimize (or maximize) g = E x;

Jj=1
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subject to

n

Daxzd i =1,..,p
7=1

n

Zaijszdl i = p+l,...,m
Jj=1

The above condition of non-negativity of all variables (x;) is imposed a priori in almost
all economic problems.

A program, or a feasible solution, is a set of values of the variables which satisfies
all the constraints of the problem, including those of non-negativity. An optimal prog-
ram is the feasible solution that optimizes (minimizes or maximizes) the linear form
to be optimized. The linear form to be optimized is called the objective function. The
optimum value of the objective function is called the value of the linear prog-
ram (Danrzic 1963, p. 62).

In correspondence to the minimizing (maximizing) problem above, termed the
primal problem, there exists the dual problem. The dual problem which corresponds
to the primal minimizing problem has the following algebraic formulation:

m
maximize w= E du,

i=1
subject to

w

Z“/j”iéfj J=1.i.,n2
=1
u, =20 P = Loausp

u, atbitrary i = p+1,...,m

If a finite optimum program exists for the primal problem, there also exists a finite
optimum program for the dual problem where 5 =w». Mathematically, the primal and
dual problems are reflexive, the dual of the dual is the primal. Variables x; in the primal
problem are often termed activities and variables #; in the dual problem shadow prices.

Linear programming has been used in forest planning by several authors (p. 8).
As a rule, it has not been very difficult to formulate linear programming problems,
although difficulties have arisen by reason of the magnitude of many of them. The
decomposition principle (DantziG 1963, p. 448), for instance, has been employed to
cope with these difficulties (LirrrscHwaGER and TchENG 1967).
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222 Linear model

This section presents a linear model usable in the preparation of cutting budgets.
This model is amenable to linear programming techniques.

In the linear model, the activities consist of the different cutting schedules
applicable to different forest stands. For each stand, there are one or more alternative
activities. An activity (x;) expresses a cutting schedule ; for a stand / over the whole
planning period. An activity produces certain net cash receipts (;,) at the beginning
of the £'th 5 year period. The level of the activity indicates the area of the stand 7 treated
by means of cutting schedule ;.

The constraint vector comprises two types of constraints. First, there is the area con-
straint (b;) for each forest stand. This means that the sum of the areas under different
cutting schedules must equal the total area of the stand. Secondly, there are the con-
straints (d,) expressed by the NCR function (1). They indicate the net cash receipts
requirement at the beginning of each 5 year period.

The objective function to be maximized represents the value of forest undertaking at
the end of the planning period. Each coefficient (¢;) of the objective function represents
the net present-value of a unit area of the forest stand 7 at the end of the planning period,
as the stand has been treated by the application of cutting schedule .

The algebraic formulation of the linear model is:

moon
maximize g = E Ec,/.xij

i=1;=1
subject to
n;
z"o‘:b: i=1,...,m
=1
m n;
Z Za,‘j#x,j:r/,c B=1,...5p
i=1 j=1
x; =0
where
x;; = the part of stand / treated by means of cutting schedule j, ha.
b; = the area of stand 7, ha.
d, = the net cash receipts requirement during the £th 5 year period, Fmk
a;j; = net cash receipts during the £’th 5 year period from the part of stand / where cut-
ting schedule ; is applied, Fmk/ha.
¢j = the net present-value of the part of stand i/ where cutting schedule / is applied at
the end of the planning period, Fmk/ha.
z = the value of the forest undertaking at the end of the planning period, Fmk
n; = the number of the cutting schedules for stand 7
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w = the number of the forest stands
P = the number of the 5 year periods

It should be remarked that this is not the only way of formulating the linear model

appropriate to the cutting budget problem. An example of the alternative formulations
is given by v. MarLmsoraG (1967, p. 69).

223 Input data program

A computer program was prepared for calculation of the input data for the linear
programming calculations. This program resembles the simulation model as far as
growth and cut are concerned, although one fundamental difference exists between
the simulation model and the linear programming input data program. In the simula-
tion model, NCR function (1) is fixed, and the guiding rate of interest (the Internal
Rate of Return) is the dependent variable. However, in the input data program, the
guiding rate of interest is fixed for each 5 year period, and the NCR function is the
dependent variable. This method of determining the cutting schedules for the stands
is extremely flexible. Almost any cutting schedule can be obtained by giving the ap-
propriate series of guiding rates of interest.

With exception of the NCR function, the input for the input data program contains
the same information as the input for the simulation model (p. 22). Instead of the NCR
function, series of guiding rates of interest are given. The output consists of the matrix
of ay, ¢;, b, and unit coefficients for the linear model. The program contains
a system which automatically omits from the output all 7, coefficients that equal zero.
Consequently, great importance was attached to the assumption of the management
costs as zero, since otherwise almost all the 4;, coefficients would have differed from
zero (p. 13). The coefficients (¢;) of the objective function are calculated by application
of the same method as that for the simulation model (p. 23). If two or more interest
rate series yield exactly the same cutting schedule, only one of them is given in the
computer output. On addition of the net cash receipts constraints, the output is ready
for the linear programming calculations.

224 Example

An example is presented to illustrate the linear model. The problem is that of
finding the optimum cutting schedule for a 10 year period for a forest under-
taking consisting of two stands. The situation at the beginning of the planning period
is as follows:

Stand Site Age, years Volume, cu.m./ha. Area, ha.
1 1 65 170 1.0
2 3 95 60 1.0
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v

The method described in section 223 was applied for determination of all possible 6146x;, 49835, 159553, +1862x, , 412535, +2722,+-325x,; = g (max)
cutting schedules for both of the stands, as guiding rates of interest 0.5, 1.0, 1.5, 2.0, 3
2.5,3.0, 3.5, 4.0, 4.5, and 5.0 per cent are employed. Thus there were 100 (=102) poten- subject to
tial alternative cutting schedules for each stand. Nevertheless, it appeared that only x4+ X+ xpt xp, = 1.0
four schedules for the first stand, and three for the second, differed from each other. Xp+ Xyt x; = 1.0
The reason for so many schedules appearing to be identical is primarily attributable 2813x,,+ 680x,; = 500
to use of the lower boundary for the thinning removal. This was 50 cu.m./ha., the 1017x,,+377 7,5+ 881x,, = 500
same as that taken in the example of application of the simulation model. The possible
cutting schedules are indicated in Table 4. The optimum solution is:
x11 = 0.738 ha.
X12 = 0.262 «
Table 4. Cutting schedules for the linear model example. x = 0.265 «
x3 = 0.735 «
> = = = 0 ha,
Beginning of the first 5 year Beginning of the second 5 year ) i = 21“52 in‘ !
period period 2 - o
Forest | Cutting | )0 b oval Volume | Volume Removal  Volume The situation in the forest at the end of the planning period is:
stand schedule
before after before after
cut cut cut cut Stand Site Age, years Volume, cu.m./ha. Area, ha.
1a 1 i) 238 0.738
cu.m./ha. 1b | 75 179 0.262
2a 3 5 0 0.265
2b 3 10 0 0.735
1 170 0 170 204 0 204
2 170 0 170 204 54 150
1 3 170 0 170 204 204 0
4 170 170 0 0 0 0
1 60 0 60 7 0 71
2 2 60 0 60 71 71 0
60 60 0 0 0 0 ¥

As an example of how the figures in Table 4 are applied in determination of the ay
coefficients, a study can be made of cutting schedule 4 for stand 1 at the beginning of
the first 5 year period. The volume to be cut is 170 cu.m./ha., and its unit value is 16.9
Fmk/cu.m. (Table 2). The reforestation cost is 60 Fmk/ha. (p. 12). Thus, if this cutting
schedule is employed the net cash receipts are 170%16.9 — 60 = 2,813 Fmk/ha.

The coefficients (¢;) of the objective function were calculated by exact application
of the same procedure as that used with the simulation model. For example, if cutting b
schedule 3 for stand 1 is used, the net present-value of the 5-year-old stand at the end
of the planning period is 1,595 Fmk/ha. The soil value obtained by means of the Faust-
mann formula (Table 3), multiplied by the 5 year and 3 per cent rate of interest com-
pounding factor, results in 1,657 Fmk/ha., which is almost the same.

If it is assumed that the net cash receipts for both of the 5 year periods are 500 Fmik,
the linear model is:



3 EXPERIMENTATION WITH THE MODELS

As has been shown in the preceding sections, it is possible to prepare cutting bud-
gets by the means of both the simulation model and the linear model. This section
discusses the results of some experiments made to test the efficiency of these two models.

Ten cutting budgets, prepared with both the simulation model and the linear
model, were constructed for the same model forest as that in the simulation example
(p- 24). The net cash receipts for each 5 year period ranged from 11,500 to 16,000 Fmk
in 500 Fmk increments. In each cutting budget, the net cash receipts requirement was
assumed to remain unchanged from one 5 year period to another. The planning period
was 50 years. The minimum thinning removal, discounting rate of interest, soil values,
and the discounting period for calculating the value of the forest undertaking at the
end of the planning period, were the same as those in the example in section 214.

Cutting budgets were first prepared with the simulation model. After these calcula-
tions, all the cutting schedules the simulation model had used were available. In terms
of linear programming, these cutting schedules are feasible solutions (p- 25). Since
there exists an infinite number of possible cutting schedules for the linear model,
it is necessary to select by some means the cutting schedules taken along with
the model. Accordingly, it was decided that the ten cutting schedules for each forest
stand obtained from simulation, would be taken as the principal set of activities for
the linear model. The simulation output contains ten series of Internal Rates of
Return (see Appendix) that correspond approximately to these ten cutting schedules.
By the addition of 26 other alternative series to these ten series, a group of altogether
36 series of guiding rates of interest was arrived at.

By employment of the 36 series of guiding rates of interest as an input for the input
data program, a group of 149 alternative activities was obtained for the eleven forest
stands. Thus, almost two thirds of the potential cutting schedules (36 x 11=396) appeared
to be identical with one or other of the 149 schedules. The set of 149 activities was
employed on preparation of ten cutting budgets by means of the linear model.

The values of the forest undertaking at the end of the planning period, correspond-
ing to the different NCR functions (1) and to both of the planning methods, are pre-
sented in Table 5. The main conclusion is that the two methods give results which are
almost identical. The largest differences are 3.72 per cent in favour of the simulation
model, and 0.96 per cent in favour of the linear model. In comparison with the
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Table 5. Values of the forest undertaking at the end of the planning period, Fmk.
Method Difference
Net cash receipts
requirement, Linear prog-
Fmk/5 years Simulation - prog Fmk Per cent
ramming
11500 240347 241950 +1603 + 67
12000 230632 232857 +2225 + .96
12500 222926 222993 + 67 + .03
13000 211544 212582 +1038 + .49
13500 200965 201926 + 961 + .48
14000 190651 191103 + 452 + .24
14500 179614 179579 — 35 — .02
15000 167415 166889 — 526 — .31
15500 154512 152691 —1821 —1.18
16000 140883 135638 —5245 —3.72

linear model, the simulation model gives results which are slightly inferior, if
the net cash receipts requirement is low, and results which are slightly superior,
if the requirement is high. This phenomenon is easily explicable. When the net cash
receipts requirement is high, it is difficult to find even a feasible solution for the linear
programming problem, in view of the limited number of feasible solutions. If more
alternative cutting schedules had been available when the net cash receipts requirement
was high, linear programming would have provided better results. Theoretically, linear
programming in this problem can always give at least as good results as simulation
does. This could be accomplished, for instance, by the introduction of exactly
the same cutting schedules as those used in the simulation model into the linear model.

The total computer time required for the simulation was 52 seconds (IBM 7094).
The corresponding time required for calculation of the input data and the linear prog-
rams was 2 minutes and 20 seconds. On the other hand, the time required to con-
struct the simulation model is much longer than the programming time for the linear
model. When the linear model is used, it is necessary to prepare only the relatively
simple input data program, as library programs are available for ordinary linear prog-
ramming calculations.

If it is assumed that the computer programs are ready, the simulation model seems
slightly preferable to the linear model in the previous example. However, some
questions arise. First, is it possible to make any marked improvement in the results
of either the linear model, by adding new activities, or the simulation model, by using
other soil values? Secondly, is it possible to find a good set of activities for the linear
model without use of the information provided by the simulation model?

The answer to the first question is probably »No». This is suggested since the opti-
mum solutions of the linear model tended primarily to select the activities used
by the simulation model, as the NCR functions were the same. It is thus evident
that there does not exist an unused set of activities which would dramatically improve
the linear programming results. Naturally, it is possible, as was mentioned above, to
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find the activities which yield results at least as good as those from the simulation model.
Also, it might have been possible to improve the results of the linear programming
a little by dividing the largest forest stands into smallér units, as then more alter-
native activities would have been available in the optimum solution.

The fact that the linear model could not in any event provide a value for
the forest undertaking more than one per cent higher than that given by the simulation
model, indicates moreover that few possibilities exist for improvement of the simula-
tion results by changing the soil values on determination of the financial maturity.
However, some improvement might be possible, as evidently the same soil values do
not apply as efficiently to all levels of the NCR function.

The second question was explored, but for only one NCR function. The net cash
receipts requirement was 14,000 Fmk in 5 years, and two sets of activities were em-
ployed. One set was based upon the cutting schedule used in the simulation model,
as the NCR function was the same. Altogether, 77 activities were then available for
the eleven stands. The other set of activities was obtained by the employment of ten
series of constant guiding rates of interest in determination of the cutting schedules.
In the latter case, the guiding rates of interest ranged from 0.5 to 5.0 per cent in 0.5
per cent increments. There were accordingly ten potential cutting schedules for each
stand. However, only 96 schedules differed from each other.

Although the number of possible activities was slightly greater when the »artificial»
set of activities was used (96 against 77) the set of activities based upon the simulation
results gave appreciably better results. The value of the linear program in the latter
case was 190,322 Fmk, or only slightly lower than the 191,103 Fmk obtained by use
of the set of 149 activities. The value of the linear program when the »artificial» set
of activities was used was only 170,850 Fmk, or more than ten per cent less. On com-
parison of this difference with the almost negligible differences of the results from the
simulation model and the linear model in the case of ten cutting budgets (Table 5), it
is evident that employment of the simulation results in the design of the linear prog-
ramming activities had been of great assistance. This example indicates that the linear
programming approach without a priori knowledge of the cutting schedules either
requires a great number of activities, or leads to a result far from the optimum.

N ——

g " e

e e I

4 ANALYSIS OF DUALITY

Analysis of the dual linear programming problem corresponding to the original
primal problem, or the linear model, provides an interesting insight into the cutting
budget. There are two types of dual variables or shadow prices in this dual
linear programming problem: (1) those corresponding to the forest stand area con-
straints and (2) those corresponding to the net cash receipts constraints.

Fconomic interpretation of the shadow prices has been widely discussed, inter
alia by DorrMAN, SAMUELSON, and Sorow (1958) and in a forestry application by v.
MarmBora (1967, pp. 76--82). Here, a forest stand shadow price expresses the marginal
increase in the value of the linear program if one hectare of the similar stand is added
to the forest undertaking while all the other conditions remain unchanged. A net cash
receipts shadow price expresses the marginal diminution in the value of the linear prog-
ram if the net cash receipts requirement of the 5 year period is increased by one Fmk,
while all the other conditions remain unchanged.

The following discussion is based upon the optimal solutions for the ten dual prob-
lems which correspond to the ten primal problems presented in section 3.

The forest stand shadow prices for all eleven stands and all ten NCR functions (1)
are indicated in Figure 4. It is apparent that the better the site is, the higher is the shad-
ow price. The 15-year-old stand on site 2 points to the shadow prices of the very young
stands being lower than those containing marketable timber. As the net cash receipts
requirement increases, so do the shadow prices. The older the stand, and the better
the site, the greater is the increase. This illustrates that when good sites and old forests
are available, the cuts can be increased without endangering the continuity of the forest
undertaking (KuvuseLa 1959, pp. 14—15; Nerstex 1965, p. 156).

The forest stand shadow prices also indicate that the value of the forest stand, from
the forest owner’s viewpoint largely depends upon the structure of the forest under-
taking to which it belongs, and on the personal aims of the forest owner. Thus, the
shadow prices offer a flexible tool for determination of the value of the single forest
stand, and even the value of the bare area that is to be reforested and incorporated in
a forest undertaking. This method might be applied in the acquisition of information
on the values of small parts of a forest lot in the event of bargaining, or in determina-
tion of the profitability of different silvicultural measures to improve the yield. Nat-

3
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urally, the values indicated by the forest stand shadow prices should be discounted
to the beginning of the planning period to arrive at the net present-values.

The net cash receipts shadow prices for different 5 year periods and different NCR
functions are presented in Figure 5. The earlier 5 year period is in question here, and
the higher the net cash receipts requirement, the greater is the diminution in the value
of the linear program induced by increase in the net cash receipts requirement. Some
exceptions to these rules appear during the last 5 year period; these exceptions result
from the limited number of activities. Then, the small weight of the last 5 year period
makes its shadow prices vary in an irregular fashion.

The forecasts provided by the net cash receipts shadow prices for estimation of the
effects of changing the INCR function could be tested by the real changes in the values of
the linear programs. In Figure 6, a comparison is made between the real changes in the
value of the linear program and the theoretical changes arrived at by means of the shad-
ow prices. The theoretical changes were derived by multiplying each shadow price
by 500 Fmk, and summing the products. Figure 6 illustrates that the theoretical changes
have a close fit to the real changes. However, it seems rather difficult to make an accu-
rate forecast of the effect of a major change in the NCR function by use of the shadow
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prices, since these also change rather rapidly with changes in the net cash receipts re-
quirements.

An interesting relationship also exists between the net cash receipts shadow prices
and the estimates of the Internal Rates of Return derived from the simulation model.
A net cash receipts shadow price for a 5 year period can be regarded as a compounding
factor for the rest of the planning period (DorFMAN, SAMUELSON, and Sorow 1958,
p. 266). By calculating the ratio between the shadow prices of two successive 5 year
periods, the compounding factor for the former 5 year period is obtained. This factor
indicates the 5 year incremental rate of interest (WEINGARTNER 1963, p. 144).

The 5 year compounding factors obtained by use of both the estimates of the Internal
Rates of Return from the simulation model, and the ratios of the net cash receipts
shadow prices, are presented in Figure 7. As the simulation model gives an overestimate
for the Internal Rate of Return, this estimate is reduced by 0.25 per cent. Moreover,
the fact that this estimate does not indicate the rate of compound interest (p. 23) has
been taken into account in calculation of the compounding factors.

The correlation between the 5 year compounding factors obtained by the two meth-
ods is quite marked, as the net cash receipts requirement is below 14,500 Fmk in 5
years. As the NCR function exceeds this limit, the figures given by the shadow prices
clearly exceed those based upon the estimates of the Internal Rates of Return. This
indicates that there are insufficient alternative activities for the linear model, as
the net cash receipts requirement is high (p. 31). It is consequently necessary to em-
ploy cutting schedules in which timber which would still grow quite well in the future
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has to be cut. Correspondingly, pootly-productive timber may remain stored, as the
cutting cycle indicated by the activities does not coincide with the relative maturity
of the timber. This observation is also confirmed by the marked variation in the 5 year
compounding factors based upon the shadow prices, as the net cash receipts require-
ment is high.

The relationship between the net cash receipts shadow prices, from the linear
model, and the estimates of the Internal Rates of Return, from the simulation
model, also holds inversely. By use of the estimates of the Internal Rates of Return,
it is possible to discover the corresponding »shadow prices». These new shadow prices
are employed in estimation of the changes in the values of the objective function. Figure
8 indicates these theoretical changes, and the real changes based upon the simulation
results. They are approximately on the same level, although the correlation between
them is not so high as in the linear model (Figure 6). Figure 8 confirms that
the method applied for estimation of the Internal Rates of Return in the simulation
model gives results which are quite close to the real values.

By the agency of the differences in the values of the objective functions, the average
Internal Rates of Return can be calculated during the 50 year planning period as dif-
ferent NCR functions are applied. As the fact that the net cash receipts are obtained
at the beginning of each 5 vear period is taken into account, the average Internal Rate
of Return can be derived from the following formula:

() 8
gl “

where D = decrease in the value of the objective function on increase in the net cash
receipts requirement by 500 Fmk/5 years, Fmk
average Internal Rate of Return during the 50 year planning period

~
I
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Figure 9 illustrates the average Internal Rate of Return arrived at by use of the D-
values both from the simulation model and from the linear model. The results
based upon the linear model exhibit a logical relationship between the NCR
function and the average Internal Rate of Return. Contrary to this, the simulation results
are not so logical. This indicates that the same decision-making rules do not apply as
efficiently to all NCR functions. It might be recommendable to make new cutting
budgets with the simulation model, using the soil values for each NCR function indi-
cated by the average Internal Rate of Return.

The Internal Rates of Return for the 5 year periods can, of course, be employed for
a more detailed analysis. Figure 7 indicates that a decrease in the net cash receipts during
the third, fourth, and fifth 5 year periods would increase the value of the objective
function quite rapidly from a relative standpoint. On the other hand, an increase in
the net cash receipts at the end of the planning period might be motivated by the low
Internal Rate of Return.

The value of the dual variables in the linear model, and similarly the value
of the estimates of the Internal Rates of Return in the simulation model, lie in
the information they provide to the forest owner on the profitability of different cutting
schedules. They also give a dynamic aspect to the planning problem, although other
tools such as parametric linear programming (cf. StMONNARD 1966, pp. 138—158) are
needed for more detailed analyses of the effects of changes in the planning situation.

5 DISCUSSION

For analysis of the applicability of the models prepared in this paper to practical
cutting budget problems, the following questions need to be answered: (1) Is the plan-
ning situation described at the beginning of section 121 relevant to the situations that
are generally involved? (2) Is it possible to describe the forest area adequately in terms
of the variables presented at the beginning of section 122? (3) Is it possible to prepare
cutting budgets of practical size by application of the models presented in this paper?
(4) Is the information provided by the cutting budgets adequate for the evaluation
of different NCR functions, and implementation of the cutting plan?

Several aspects other than those mentioned in section 121 (p. 8) could be taken
into consideration in cutting budgets. In terms of linear programming, the problem
is: what is the objective function, what are the activities, and what are the constraints?
Clearly, the planning situation used in this study offers no more than a basis for more
detailed analyses. A number of other activities could be added, such as fertilization
and draining. Furthermore a number of other constraints could be employed, such as
the maximum annual regeneration area, amount of manpower, and machines, and the
regeneration material available. The important aspects of risk and uncertainty could
also be included, to make the models more realistic.

Secondly, a study is made of the relevance of the forest model presented in section
122. Naturally, the model should be extended to many more sites and other tree spe-
cies; this would not introduce any theoretical difficulties, since all the procedures would
be analogous to those used in this study. The main difficulty is that of finding accurate
data for all the different types of stands. Mixed forests in particular will give rise to
difficulties in this respect. Moreover, difficulties will appear if the stands are not even-
aged as has been assumed. The age of the stands does not then change chronologically,
but may be affected by cuts (NyyssoNEN 1962). It should also be noticed that the cutting
budget can at most be only as accurate as the data upon which it is based.

The assumption that a forest stand is divisible into parts (p. 11) does not hold good
in a real world situation, but provides an adequate approximation if the original stands
are very large, or represent classes of similar stands. Integer programming (cf. DaNTZIG
1963, 514—550) might be used if the indivisibility of the stands is regarded as a necessity.

Another, perhaps more serious handicap is that the location of the stand does not
restrict its treatment (p. 11). Thus, the cutting budget may result in a situation where
a very small stand should be treated in a way totally different from the surrounding
stands. To solve this problem, the study should be extended to analysis of the logging
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and silvicultural costs. If the stands are not assumed to be mutually independent, linear
programming cannot be used, since then neither the assumption of additivity, nor the
assumption of linear objective function holds (Danrzic 1963, p. 33).

If these practical aspects similar to the minimum thinning removal (p. 13) had been
taken into account in formulation of the forest model, the value of the objective func-
tion would have diminished. Thus the value of the objective function in the models
concerned in this study represents the theoretical maximum, and will decrease as prac-
tical constraints, such as were also mentioned in analysis of planning situation, are
taken into account.

The third question was concerned with the magnitude of the problems solvable
with the models presented in this work. As the simulation model is employed, even
a small computer (IBM 1620) can handle a cutting budget for several decades in a rela-
tively short time, as the forest area comprises less than 100 forest stands. Problems of
the same size are solvable by linear programming if large computers are available. Ap-
plication of the decomposition principle (p. 25) changes the situation, and linear prog-
ramming may then be practicable even with small computers. It should be mentioned
that in many cases it does not pay to include all single stands in the calculations, but
it is practical to form relatively few classes by the combination of similar stands. This
is often even necessary, since no reliable information exists on the single stands.

To answer the fourth question, it is necessary to analyze the output yielded by the
cutting budget models. The Appendix indicates the output given by the simulation
model; similar information is obtainable from the linear model. It is accordingly pos-
sible to follow the detailed development of the forest area in terms of volume, stumpage
value, volume and value growth, and age class structure. If any of these factors appears
to be critical at some stage of the planning period, the forest owner can notice it. Sim-
ilarly, the cutting budget gives a detailed guide-line on how to allocate cuts among
different stands during the planning period.

The Internal Rates of Return in the simulation model, and the net cash receipts
shadow prices in the linear model, also offer information on the profitability of a cutting
budget. Of course, if more detailed information is needed, several cutting budgets
have to be prepared.

In conclusion, it can be said that no serious obstacles exist to application of the
models developed in this study to practical forest planning. Of course, this presumes
that the forest owner can at least approximately approve the assumptions upon which
the models are based.

There still remains the question: which is the most advisable cutting budget method
in practice? Theoretically, linear programming is superior to simulation. The decision-
making rules used in the simulation model can take into account only the merits of the
individual projects, but linear programming also includes their interrelationships
(WEINGARTNER 1963, p. 27). However, it seems to be difficult to get good results if
linear programming alone is employed. This is due to the difficulty in finding an ap-
propriate, but relatively limited set of activities. The capacity of the computer at hand
is also of great importance. A small computer and expensive computer time evidently

41

speak in favour of the simulation approach. Against this, linear programming is much
more versatile if new constraints or other modifications need to be added to the model.
Nevertheless, it is an open question whether the decision-making rules used in the simu-
lation model are applicable to a situation in which the objective function is defined dif-
ferently from that in the examples given in this paper. Probably, proper rules are dis-
coverable even for very different situations, but a great deal of experimentation may
be required.

The cutting budget method which might be most advisable consists of the combined
use of simulation and linear programming. Simulation could be employed to find a
rough cutting schedule, and linear programming to test how good this solution is.
Nonetheless, the linear programming results can be applied for improvement of the
decision-making rules used in the simulation model. The question at issue is concerned
with the marginal benefits and costs which determine how far this feed-back system
is allowed to run.

It should be noticed that only one linear model has been tested. As was mentioned
above (p. 27), other alternatives exist for designing this model. Principally, the ques-
tion is whether the number of variables, or the number of equations should be increased
to improve the optimal solution at least cost. The answering of this question would
require many more calculations than those made in this study.

The linear model might also be solved by the use of dynamic programming tech-
niques. This approach would have the advantage that forest stands could be managed
as indivisible units. It might also require less computer capacity than linear program-
ming. Contrary to linear programming, no library programs probably exist for this spe-
cial case of dynamic programming, and consequently more programming work would
be required.

It might also be possible to turn the problem around. The objective function to
be maximized would then correspond to the NCR function, and the value of the forest
undertaking at the end of the planning period would just be one constraint. Probably,
the models described in this study can be used in this new problem, since a clear corre-
spondence is discernible between the level of the NCR function and the value of the
objective function (Table 5).

Nevertheless, it is uncertain whether the assumption that the whole equals the sum
of its parts holds good in determination of the value of the forest undertaking (p. 24).
It might be worth-while, for instance, to try to apply quadratic programming. The
possible effects of the age-class structure, for example, could be taken into account,
at least to some extent. The objective function to be maximized might then represent
the greatest permanent allowable cut after the planning period. Regression analysis,
based upon a number of cutting budgets might be the method for calculation of this
function (NErsTEN 1965; KiLkkr 1966; Roiko-JokeLa 1966). Furthermore, the age-
class structure, or the structure of the growing stock, can be regulated by adding new
constraints to the simulation and linear models. The calculated maximum value of the
forest undertaking at the end of the planning period decreases, but the age-class struc-
ture or the structure of the growing stock is more desirable.



6 SUMMARY

The aim of this study was that of developing cutting budget methods for a forest
undertaking. Cutting budgets are regarded as a part of the decision-making process
the forest owner must pursue as he runs his undertaking. It provides information on
the future income from the forest undertaking, and on the development of the forest.
By the use of cutting budgets, the cutting plan can be derived which best corresponds
to the expectations of the forest owner, and can also be effected in practice.

The cutting budget models developed in this study have been based on the assump-
tion that the main interest of the forest owner lies in the income derived from his forest
undertaking. This has been expressed by a net cash receipts function that expresses
the net income the forest owner wishes to acquire from his forest undertaking in each
year to come. For practical reasons, the net cash receipts requirements are specified
only in 5 year periods. As it is neither possible nor necessary in practice to prepare
cutting budgets for an infinitely long time in the future, the net cash receipts function
is specified only for a limited time, termed the planning period. The length of the plan-
ning period is optional. The aim of the cutting budget is that of defining the cutting
schedule which satisfies a given net cash receipts function during the planning period,
and maximizes the value of the forest undertaking at its end. The value of the forest
undertaking is calculated as the sum of the net present-values of the future income
from the forest stands at the end of the planning period.

Two cutting budget models have been developed, by the application of simulation
and linear programming. Both of these models are deterministic in nature, i.e. there
is only one possible outcome once the stated input information has been given. To
make the cutting budget models simpler, it has been assumed that thinning and clear
cutting with reforestation are the only activities that can occur in the forest. A single
forest stand, or a relatively homogeneous group of stands, constitutes the calculating
unit. The cutting budget models are directly applicable only to forests consisting of
even-aged Scotch Pine stands on three different sites. However, the models can easily
be extended to cover forests comprising several tree species and many more sites.

Automatic decision-making rules have been developed for the simulation model;
their purpose is that of attempting to allocate the cuts implied by the net cash receipts
function, so that the value of the forest undertaking after cut is as high as possible. The
decision-making rules are based upon the use of the internal rate of return in deter-
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mination of both the optimum growing density and the financial maturity. In each 5
year period, two internal rates of return are determined for each forest stand. One of
them indicates the thinning order and the other the clear cutting order. The rate of
return which divides the growing stock into the part to be grown forward, and that
to be cut to cover the net cash receipts requirement, is determined during each 5 year
period by means of these internal rates of return. This rate of return can be regarded
as the internal rate of return for the whole forest undertaking. Only one 5 year period
is taken into account on division of the growing stock. As a consequence, the method
is theoretically incorrect, even though quite convenient in practice. It may appear that
a cutting schedule which seems best at a certain moment does not lead to the final goal,
i.e. the highest possible value of the forest undertaking at the end of the planning period.

As uncertainty exists on how close to the optimum the simulation model results
are, a linear model has also been developed for the preparation of cutting budgets. The
objective function to be maximized represents the value of the forest undertaking at
the end of the planning period, determined in exactly the same way as in the simulation
model. The activities of the linear model consist of the different cutting schedules ap-
plicable to different forest stands over the whole planning period. The constraint vector
comprises the areas of the forest stands and the net cash receipts requirements. It is
attributable to the principles of linear programming that an optimum solution for the
linear model is always discoverable, if one exists. The problems in use of the linear model
arise from the limited number of variables acceptable by the computers. This involves
that the calculated optimum solution may be far removed from the theoretical optimum
attainable by a more successful choice of variables.

A limited number of cutting budgets have been prepared with both the simulation
model and the linear model. They indicate that both models are applicable. The models
gave approximately the same values for the forest undertaking at the end of the planning
period if the cutting schedules for each stand obtained from the simulation model were
used in selection of the variables for the linear model. If the variables for the linear
model had to be selected without previous information of the appropriate cutting sched-
ules in that planning situation, this model did not yield a value for the forest under-
taking which was as high as that of the simulation model. A good result in this case
would have implied a large number of variables which would again, have substantially
raised computer costs.

The relationships between the simulation model and the linear model have also been
studied by comparison of the internal rates of return for the whole forest undertaking
in the simulation model with the shadow prices which correspond to the net cash re-
ceipts requirements in the linear model. It was then established that the ratio between
the shadow prices of two successive 5 year periods bore a close correlation to the internal
rate of return of the former period. This indicates that the decision-making rules em-
ployed in the simulation model approach closely to the maximization of the value of
the forest undertaking at the end of the planning period. The fact that the optimal linear
programs tended to use the same activities as the simulation model also confirms this
observation.



In the light of this study, simulation seems today to be more appropriate than linear
programming in the preparation of cutting budgets. However, the increasing capacity
of electronic computers may even in the near future make linear programming quite
competitive, especially as if it is borne in mind that the theoretical basis of linear prog-
ramming is much firmer than that of simulation. The most advisable cutting budget
method might consist of a combination of simulation and linear programming. Simula-
tion could be employed to find a rough cutting schedule, and linear programming to
test and improve this solution.
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SELOSTE:

TULOTAVOITTEESEEN PERUSTUV A HAKKUULASKELMA

Timin tutkimuksen tarkoituksena on ollut metsilélle soveltuvien hakkuulaskelma-
menetelmien kehittiminen. Hakkuulaskelma on osa siiti paitoksentekoprosessista,
miki metsinomistajan on lipikiytivi johtaessaan yrityksensi toimintaa, ja se antaa
kuvan metsilosti tulevaisuudessa saatavista hakkuutuloista seki metsilén kehityk-
sestd. Hakkuulaskelmien avulla metsinomistaja voi maarittii hakkuusuunnitteen, joka
parhaiten vastaa hinen toivomuksiaan ja joka on mybs kiytinnossi toteutettavissa.

Nyt kehitetyissi hakkuulaskelmamenetelmissi on lihtékohtana ollut olettamus,
ettd metsinomistajan paimielenkiinto kohdistuu metsildsti saataviin tuloihin. Timi
on ilmaistu nettotulofunktiolla, joka ilmoittaa metsinomistajan metsildstiin vuosit-
tain haluaman nettotulon nykyhetkesti eteenpiin. Kiytinnollisisti syisti nettotulo-
vaatimukset on miiritetty vain 5-vuotiskausittain. Koska hakkuulaskelman laatiminen
ddrettdmin pitkille ajalle tulevaisuuteen ei ole mahdollista eiki kiytinnossi tarpeel-
listakaan, on nettotulofunktio miiritetty ainoastaan rajoitetulle ajanjaksolle, jota kut-
sutaan suunnitelmakaudeksi. Suunnitelmakauden pituus on vapaasti valittavissa. Hak-
kuulaskelma pyritddn laatimaan siten, etti sen antamaa hakkuusuunnitetta noudatettaessa
nettotulotavoitteet suunnitelmakauden aikana saavutetaan ja etti metsilon arvo suun-
nitelmakauden lopussa on mahdollisimman korkea. Metsilén arvo lasketaan diskont-
taamalla kustakin laskentayksikkéni kiytetysti metsilon osasta suunnitelmakauden
jilkeen tiettyni ajanjaksona saatavat hakkuutulot suunnitelmakauden loppuun ja sum-
maamalla ne.

Hakkuulaskelmamallit on kehitetty simulointia ja viivallista ohjelmointia kiyttien.
Molemmat niistd malleista ovat luonteeltaan deterministisid, mikid merkitsee siti, etti
mallin arvot tulevaisuudessa johtuvat yksikisitteisesti sen nykyarvoista. Hakkuulas-
kelman yksinkertaistamiseksi on oletettu, etti ainoat toiminnat, miti metsildssi tapah-
tuu, ovat harvennus- ja paljaaksihakkuut seki viimeksimainittuja seuraava metsin-
uudistaminen. Laskentayksikkoini kiytetiin yksityisid metsikiti tai verraten homo-
geenisia metsikkoryhmid. Metsilot, joihin hakkuulaskelmamalleja sellaisenaan voi-
daan soveltaa, kisittivit ainoastaan tasaikiisii MT-, VT- ja CT-minnikéitd. Mallit
voidaan kuitenkin helposti laajentaa koskemaan metsilsiti, joissa on useampia puu-
lajeja ja kasvupaikkoja.

= pa RS

e —— e, W, ",

49

Simulointimallia varten on kehitetty automaattiset piitoksentekosiinnot, joiden
avulla tulotavoitteen edellyttimit hakkuut pyritiin sijoittamaan siten, etti metsilén
arvo hakkuun jilkeen on mahdollisimman korkea. Piitoksentekosiinnét perustuvat
sisdisen korkokannan kiyttoon sekd optimikasvatustiheyden etti kiertoajan miirityk-
sessd. Kunakin 5-vuotiskautena miiritetiin jokaiselle metsikolle kaksi sisiisti korko-
kantaa, joista toinen osoittaa harvennushakkuujirjestyksen ja toinen uudistusjirjes-
tyksen. Niiden sisiisten korkokantojen avulla etsitiin se korkokanta, joka jakaa met-
sdlon puuston hakattavaan ja kasvatettavaan osaan siten, ettd hakattavaksi kuuluvasta
osasta saatava tulo peittid tismilleen nettotulotavoitteen. Titi korkokantaa voidaan
pitdd koko metsilén sisiisend korkokantana tuona 5-vuotiskautena. Koska puuston
jaossa kasvatettavaan ja hakattavaan osaan on otettu huomioon puuston kehitys ja
nettotulovaatimus ainoastaan kyseiselld 5-vuotiskaudella, ei kiytetty menetelmi ole
teoreettisesti moitteeton, vaikkakin verraten kitevi kiytinnossi. Saattaa nimittiin
kiyda siten, etti hakkuutapa, joka tietylld hetkelld niyttdd parhaalta, ei tuotakaan lopul-
lisesti haluttua tulosta eli mahdollisimman korkeaa metsilén arvoa suunnitelmakauden
lopussa.

Koska simulointimallin tulosten hyvyydesti ei voida olla varmoja, on hakkuulas-
kelmia varten kehitetty myés viivallinen malli. Tavoitefunktio, jonka arvoa pyritiin
maksimoimaan, edustaa metsilén arvoa suunnitelmakauden lopussa. Metsilén arvo
midritetidn tismilleen samoin kuin simulointimallissa. Kullekin metsikélle koko
suunnitelmakaudeksi laaditut vaihtoehtoiset hakkuusuunnitelmat muodostavat viivalli-
sen mallin muuttujajoukon. Rajoituksina ovat metsikéiden pinta-alat seki nettotulo-
funktio. Viivallisen ohjelmoinnin perusominaisuuksista johtuu, etti mallin optimi-
ratkaisu I6ydetddn aina, mikili se on olemassa. Ongelmana viivallista mallia kiytet-
tiessi on muuttujien laskennallisista syisti rajoitettu lukumairi. Tisti johtuu, ettd
I6ydetty optimi ei saata olla lihellikiddn teoreettista optimia, johon onnistuneemmalla
muuttujien valinnalla olisi paisty.

Seki simulointimallia ettd viivallista mallia kiyttien on tehty rajoitettu mairi hak-
kuulaskelmia. Ne osoittavat, etti molemmat mallit ovat kiyttokelpoisia. Jos viivallisen
mallin muuttujien valinnassa on kiytetty apuna simulointimallin yksityisille metsikaille
antamia hakkuusuunnitelmia, ovat mallit antaneet likimain samoja arvoja metsilslle
suunnitelmakauden lopussa. Jos viivallisen mallin muuttujat on jouduttu valitsemaan
ilman ennakkotietoja tilanteeseen sopivista hakkuutavoista, ei metsilén arvo ole ollut
vhti korkea kuin simulointimallia kiytettiessi. Hyvin tuloksen saavuttaminen olisi
tilloin edellyttinyt erittiin monien muuttujien mukaanottamista, miki taasen olisi
lisinnyt merkittivisti laskentakustannuksia.

Simulointimallin ja viivallisen mallin vilisid riippuvuussuhteita on pyritty selvit-
timdin vertaamalla simulointimallin antamia metsilén sisiisia korkokantoja netto-
tulotavoitetta vastaaviin varjohintoihin viivallisessa mallissa. Tilloin todettiin, etti
kahden perikkiisen 5-vuotiskauden varjohintojen suhde korreloi voimakkaasti edel-
lisen 5-vuotiskauden sisiisen korkokannan kanssa. Timi ilmio, samoin kuin se, etti
viivallinen malli pyrki kdyttimiin optimiratkaisuissa simulointimallin kiyttimii hak-
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kuutapoja, vahvistaa kisitystd, ettd simulointimallissa kiytetyt piitoksentekosiinnét
johtavat lihelle metsilon loppuarvon maksimoitumista.

Timin tutkimuksen valossa niyttdd simulointi nykyisin viivallista ohjelmointia
tarkoituksenmukaisemmalta menetelmilti hakkuulaskelman laadinnassa. Tietokonei-
den lisddntyvi kapasiteetti saattaa kuitenkin jo lihiaikoina tehdi viivallisen ohjelmoin-
nin varsin kilpailukykyiseksi, kun vielid otetaan huomioon, etti viivallisen ohjelmoin-
nin teoreettinen perusta on huomattavasti kestivimpi kuin simuloinnin. Suositeltavin
menetelmi hakkuulaskelman laadinnassa saattaisi olla simuloinnin ja viivallisen ohjel-
moinnin yhdistetty kidytto. Télloin simuloinnilla voitaisiin 16ytia likimain optimaalinen
hakkuusuunnite ja viivallisella ohjelmoinnilla voitaisiin timin ratkaisun hyvyys tar-
kistaa ja ratkaisua parantaa.
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INT.Re OF RET.
VALUE CLEAR Ce THIN
963.9 4448 4e25
488.0
69.0
55845 4430 4e64
21944 4eT5 4.90
201.1 4432 4459
832.7 3.44 2.96
560.5 5.00 5.32
179.9 4492 5.52
530.2 4465 5.28
235.1 5.31 5.11
TOTAL AREA 45492
MEAN AGE 62
59351. VALUE GR. 21840,
INT.R. OF RET.
VALUE CLEAR C. THINa
963.9 4448 4425
46640
575
55845 4430 bebb
219.4 4e75 4490
201.1 4432 4459
627.0 3e44 4.03
560.5 5.00 5.32
179.9 4492 5452
530.2 4465 5.28
235.1 5.31 5.11
0.0
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VALUE
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PERICD 4
FOREST STANDS BEFORE CUTTING

5 YEAR GROWTH INT.Re OF RET.

NO SITE AGE VOLUME VALUE AREA VOLUME VALUE CLEAR Ce. THIN.
1 1 80 110. 2350, 0.71 20.84 58946 3el2 3.55
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7 1 10 5e 0. 4e28 15.00 30.0
8 2 70 241, 3441 2.04 34496 94049 4438 3.07
9 3 90 108. 1195, 0.31 17.75 309.9 bel] 3.85
10 2 80 133, 2308. 3.53 23431 608.2 3.85 3.62
11 3 80 165, 1550. 0.61 26.04 397.4 4e52 3432
12 1 15 20. 30. 1.65 27.00 28946
13 1 10 S5e O 0.28 15.00 30.0
14 2 5 0. O 0.92 0.00 0.0
SITEl 15.07 SITE2 70403 SITE3 14.90 TOTAL AREA 45492
AGE 1 52. AGE 2 63, AGE 3 98. MEAN AGE 68
VOLUME 5647+ GROWTH 1270. STUMP. VALUE 74612+ VALUE GR. 23504,

FOREST STANDS AFTER CUTTING

5 YEAR GROWTH INT+Re OF RET.

NO SITE AGE VOLUKE VALUE AREA VOLUME VALUE CLEAR Ce THIis
1 ! Os O 0.71 0.00 0.0

2 2 60 198 2314, 17.26 39.87 7754 4490 3.91
3 2 30 46, 336. 4o 45 30.00 23442

4 2 0 0. Oe 3.96 0.00 0.0

5 3 100 115. 1493, 4a82 16,21 39442 4063 4.02
6 3 110 95. 1504 1.10 12.67 32043 3.85 343
1 1 10 S5e 0. 44028 15,00 30.0

8 2 70 180. 25744 2.04 31.87 79448 bbb 3.90
9 3 S0 108, 1195. 0.31 17.75 309.9 bet] 3.85
10 2 80 133. 2308, 1.47 23.31 608.2 3.85 3.62
11 3 80 165 1550. 0.61 26,04 3974 4452 3.32
12 1 15 11. 17. l.65 27.00 2419

13 1 10 Se 0. 0.28 15.00 30.0

14 2 5 O. 0. 0.92 0.00 0.0

15 2 0 0. 0. 2.06 0.00 0.0

INTERNAL RATE OF RETURN 440 NCR 14000, TOTAL CUT 834,
THIN. AREA 2.04 REFs AREA 6.73 REFs COST 343. AD. COST Oe
VOLUKE 5013+ GROWTH 1147, STUMPe VALUE 60269+ VALUE GR. 20078,

PERIOD 20 YRS RATE OF INTEREST 3.0

THE VALUE OF THE FOREST UNDERTAKING
AT THE BEGINNING OF THE PLANNING PERIOD 121311.
AT THE END OF THE PLANNING PERIOD 136960
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ACTA FORESTALIA FENNICA
EDELLISIA NITEITA — PREVIOUS VOLUMES

Vor. 85, 1968. Jouko MAKELA.
Puunkorjuun tuottavuuteen vaikuttavat tekijit maatilametsitaloudessa.
Summary: Factors Affecting Logging Productivity in Farm Forests.

Vor. 86, 1968. BROR-ANTON GRANVIK.
Sahaustuloksen midrd ja laatu havutukkien kenttipydrdsahauksessa.
Summary: The Quantity and Quality of the Sawing Yield in Sawing
Coniferous Logs with Circular Saws.

Vor. 87, 1968. Eino OINONEN.

Lycopodium clavatum L.- ja L. annotinum L.- kasvustojen laajuus
rinnastettuna  samanpaikkaisiin L. complanatum L.- ja Pteridium
aquilinum (L.) Kunn-esiintymiin sekd puuston ikidin ja paloaikoihin.
Summary: The Size of Lycopodium clavatum L. and L. annotinum
L. Stands as Compared to L. complanatum L. and Pteridium aqui-
linum (L.) KunN Stands, the Age of the Tree Stands and the Dates of
the Fire, on the Site.

Vor. 88, 1968. Paavo YLi-VAakkuRI, PENTTI RASANEN ja Asko HiLLi
Taimien talvivarastoinnista ja sen vaikutuksesta minnyn taimien istutus-
kelpoisuuteen. Summary: Overwinter Cold-Storage and its Effect on
the Field Survival and Growth of Planted Scots Pine.

Vor. 89, 1968. PEnTTI ALHO.

Pohjois-Pohjanmaan metsien kiyton kehitys ja sen vaikutus metsien
tilaan. Summary: Utilization of Forests in North Ostrobothnia and its
Effect on their Condition.

Vor. 90, 1968. Yrj0 KaNcGas.
Beschreibung des Wachstums der Biaume als Funktion ihres Alters.



