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SULTARY

Pulpwood harvesting operations are being mechanized in regponse e
lakor shoriteges and veper denands. Current fully mechanized harvesting
equinment is limited due to desizn problems and current forest planning
zn’l nanagement policles.

Torest plamning and nanagement policies and harvesting machine
design should be developed and refined in conjunction with each other
and nanagenenc cbjeculives.

A Iuture harvesting machine design is vproposed to climinate or
recuce many of the desizn problems in current harvesting machines. The
nurpose of this work is to evaluale forest dplanning and management
glternatives in conjunction with the nroposed hafvester design and
managenent objectives of the independent landowner (assumed maximum rate
of return on expenditures) and the paner company (assumed minimum wood
grewing cost). The results of the evaluation are used Lo determire
Torest plaming and management alternatives that optimize the management
cbjectives and the related tree and forest characteristics for which to
sreclalize and refine the pronssed harvester design.

A harvester simulation model is developed, in GPSS II computer
language, to determine the tree processing time of the proposed harvester
relative to tree and forest characteristics. A forest growth nmodel is
developed, in DYNAMO computer language, to determine tree and forest
characteristics relative Lo forest ?lanning and management alternatives.

An economic model is developed, in DYNAMO computer language, to evaluate




the =romosed hamvester Zesirn and Torest »lanning and manasement
eliermetives in conjunction with each other and managenent cblectives.
Tt iz concluder! that Muture harvesling machine design and
Tomest ~lanning and nanggement telicies should be developed in con-
Junction with each cother and manescement ob’lectives. Computer
simwlation is a valuable tool in accomplishing this objective. The
nronosed harvester design, in conJunctlon with ontimal forest nlanning
and menagerent alternatvives, significantly increases currenﬁ nroduction
rates and reduces current harvesting cest. Tree characteristics for

¥

the harvester specilalizavion and refinement as well as the optimal

forest planning and managenent allernatives are identilied as & resuli

ol this worls.




CHAPTER I

INTRCDUCT TOM

Puggose

Forest planning and management policies and harvesting machine
designe should be developed in conjunction with each other so as to
optimize economic objectives. The purpose of this work is to
economically evaluate forest planning and management alternmatives in
conjunctior with a proposed future harvesting machine design. The
proposed harvesting machine 1s designed tc eliminate or reduce many
design problems in current harvesting machines. The evaluation is
based on manacement objectives of the independent landowner and the
paper company. The results of this evaluation are used to determine
forest planning and management alternatives that optimize the management
objectives and identify the related tree and forést characteristics for

which the proposed harvester design should be specialized and refined.

Nature of the Problem

Normally, the independent landowner desires the maximum rate of
return on forest investment and growing cost; whereas the paper company
desires minimum wood growing cost. The economic evaluation of forest
planning and management alternatives, in conjunction with the proposed
harvester design, is_based on these management objectives of the
independent landowner and the paper comparny.

Harvesting machine designs are affected by forest planning and



management alternatives and optimal forest planning and manazement
alternatives are denendent upon harvesting machine designs. In view of
this, it is desirable that the propcsed harvesting machine and forest
rlanning and management alternatives be evaluated and refined by an
iterative orocess.

In order to conduct the evaluation, it is necessary to determine
the harvester production rate and related harvesting cost relative tc
tree and forest characteristics. The traditional method for determining
harvesting equipment production rates and related costs is to build a
prototype model and evaluate the design by experimenting with the model.

Ir. view of the costs and limitations related to prototype model
construction and experimentation, computer simulétion is a more
econqmical and versatile method to determine the proposed harvester?’s
production rate relative to tree and forest characteristics. A harvester
simulaticon model is developed to determine the harvester's production
rate by simulating the time required for each movement in harvesting a
sample forest with specific tree and forest characteristics. The time
required for each movement is based on the proven performance of currently
available components utilized in the harvester design. The proposed har-
vester's performance, relative to tree and forest characteristics, is
readily determined by simulating the harvesting of a variety of forests
with specified tree and forest characteristics.

The proposed harvester's hourly operating cost is determined from
the initial cost and related operating cost of components utilized in
the harvester design.

It is necessary to relate the proposed harvester cpersting cost




to forest planning and management alternatives. The harvester's
production rate and related harvesting éost is a function of tree and
forest characteristics. Therefore, & tree growth computer model is
developed to determine tree and forest chéracteristics relative to
forest planning and mnagé:nent alternatives. The tree growth model
is based on established tree growth characteristics.

The forest is a long-term Investment and there are many factors
that affect the independent landowmer's rate of return and the paper com-
pany's wood growing cost. It is desirable that forest planning and
management policies, established at planting time, be compatible with
harvesting operations and policies that will exist many years in the fu-
ture. These policies must consider economic factors over many years of
forest growth. The initial land investment, site clearing cost, gite
preparation cost, and site planning cost at planting time are some of the
cogte initially incurred. Tax and management cost, as affected by in-
flation, are ongoing costs. The value of the forest at harvesting time
is affected by inflation, forest yield, stumpage prices, and harvesting
cost. The harvesting cost is a function of machine design, inflation,
and characteristics of the trees and forest.

An econamic model is developed to economically evaluate forest
planning and management alternatives in conjunction with the proposed
machine design and management objectives. The economic model utilizes
the results of the forest growth model and the harvester simulation

nodel.



Statement of the Objective

The objectives of this work are as follows:

(1) Determine the forest planning and management alternatives
(planting density and harvesting ege relative to site index and site
clearance requirement) that nrovide the independent landowner with a
maximam rate of return (adjusted for harvesting cost) on lorest invest-
ment and growing cost and the paper company with a minimum weood growing
cost (adjusted for hervesting cost) when the forest is harvested with
the proposed harvester.

(2) Determine the tree and forest characteristics resulting when
optimal feorest nlanning and management alternatives are utilized in order
to identify the characteristics Tor which the proposed harvester design
should be specialized and refined.

(3) Determine the independent landowner's maximum rate of return
{adjusted for harvesting cost) on the forest investment and growing cost
as well as the paper company's minimm growing cost (adjusted for har-
vesting cost) when ontimal forest planning and management alternatives
are utilized.

(L) Determine the harvesting cost per cord when optimal forest
planning and management alternatives are utilized.

(5) Determine the proposed harvester's productivity when optimal
forest planning and management alternatives are utilized.

(6) Determine the harvesting cost percentage of the combined wood
growing cost and harvesting cost and the percentage of the combined
stumpage price and harvesting cost when optimal forest planning and

management alternatives are utilized.



(7) Deteimine the sensitivity of the landowmer's rate of return
on forest investmént and growing ccst, the naner company's wpod'growing
cost, and the harvesting ccst relative to variance from the optimal
Terest planning and menzarement alternatives.

(8) Determine the reduction in maxirum wood volume yield caused

Ly optimizing the rete of return and wood growing cost.

Scope and Limitatlions

The proposed harvester design utillses existing machine components
uhich were commercially available at the time of this work and which have
established performance characteristics. The harvester's initial cost
and operating cost is based on the initial cost and related operating
cost ol these components at the current time of this work. The harvester
simulation model is bhased on the established performance characteristics
of these components,

The nroposed harvester is designed to process trees with a
maxirmm D.3.H¥. (diamater at breast height) of 12 inches and a maximm
tree weicht of 1,500 pounds. The harvester is also designed to process
a maximm stem length of 50 feet in a single processing sequence. Trees
65 Teet hizh are assumed to have a 50 foct merchantable stem. The har-
vester is not recycled for the smell volume of wood in the toms of irees
over 65 feet high. The volume lost in the top above 50 feet, in irees
over 65 feet hipgh, is accounted for by the economic model.

The harvesting operavion 1s limited to the processing of trees
into unit loads. The unit loads are deposited on the ground in the

irmediate vicinity where they are processed.



The harvester simulation model simulates the harvesting of foresis
with initial »lanting densities of 200 to 1,000 trees ner scre (I 100
trees per acrn increments) at survival nercentases of 65, 70, 75, anl’
£0 meveeat with trees of 5, €, 7, £, 9, and 19 inch D.B.I.

Porest nlanning and management alternatives in conjunction ith
the harvester desipn are eveluated reletive vo economic manaserent ob-
jectives of the independent landowner and the paper company. The
indenendent landovmer's menagement cbjective is assured to be maximum

Fal

rate of returm cn the

Torest investment and growing cost. The
inderondent landoimer's rate of return is determined both where site
clearance 1s required and vhere site clesrance 1s not required. The
aaper company's managenent objective is assumed to e minimum woocd frev-
ing ccse vhen the paher company srows its own wood. The »naner company's
wood. growing cost is debermined when the paper commary utilizes industrial
funds Tor the forest invesiment and growing cost Loth where site clearance
is required and where site clearance is nol required. The industrial
funds ere assumed to normally nroduce 2 15 percent return cn invesiment
and be taxed 2t a L0 percent cornorate inceme tex rate. In view of this,
ﬁhe resulting opportunity cost of the funds is O percent (annually).
Also, the paper compamny's wood growing cost is delermined when the paper
cormeary borrows funds (at 6 nercent ammal interest) for the forest in-
vestment and growing cost where site clearance is.reqﬁired.

A standerd harvesting cost allowance is used to male the stumpage
nrice and wood growing cost responsive to harvesting cost. UWhen the har-
vesting cost exceeds the harvesting cost allovance, the stumpage price is

decrezsed and the wood srowing cost is increased accordingsly. %When the
w 3} S



cost is less than the harvesting cost allouance, the stumpage rice is
increased and the wood grewing cost 1ls decreased accordingly. The
cost allowance is set at 1.50 dollars at »nlanting

standard harvestin

>
tine and increased at the inflation rate in subsegquent years.

e

A1l forest nlanning and management alternatives considered are for
slash nine nlantations. Only clear-cutiing operalions are considered.

he forest planning and management alternatives considered are harvesting
age (0 to L0 yeers) at various initial planting densities (200 to 1,000
trees ner acre in 100 trees per acre increments) for the following site
indices: LT, 50, 60, 7O, and 80.

All costs in vhis work are based on the inflaticn rave and costs
available in 1268. Planting time is considered tc be in 1960.

Due to the long-term nature of the forest, inflation has a
sizpificant eflect on Torest economics. The inflation rate 1s assumed
to be at a2 compound annual rate of 3 nercent. At this rate, values
(affected by inflation) chenge more than 100 percent in 25 vears.

The tree and forest characleristics identified as the character-
istics for which the harvester should be refined are the characteristics
resuliing when the ontimal forest plamning ard management azlternatives
are utilized.

The erfects on ecology and non-forest land uses are not considered

in this worlk.

Procedure
The procedure used to evaluate forest planning and management

alternatives in conjunction with the pronosed harvester desipn and manage-




ment objectives is as follows:

(1) Develop a harvester simuiation model, in GPSS II computer
language, to simulate the proposed harvester when harvesting forests with
specified tree and forest characteristics.

(2) Experiment with the harvester simulation model and a sample
forest with specific tree and forest characteristics to determine the
harvester's processing time per harvestable tree relative to initial
planting density, tree survival, and tree D.B.H.

(3) Develop a forest growth model, in DYNAMO computer language,
to determine the tree and forest characteristics relative to forest
planning and management alternatives.

(L) Experiment with the forest growth model to determine the
tree and forest characteristics (tree height, tree D.B.H., tree weight,
tree volume, tree survival, tree basal arez ner acre, and wood yield per
acre) relative to forest planning and management alternatives (site
index, initial planting density, and harvesting age).

(5) Develop an economic model, in DYNAMO computer language, to
determine (relative to forest planning and management alternatives) the
independent landowner's rate of return on the crest investment and grouw-
ing cost as well as the paper company's wood growing cost when forests
are harvested with the proposed harvester.

(6) Experiment with the economic model to determine the independent
landowner's rate of return, the paper company's wood growing cost, the
harvesting cost, and data related to forest planning and management

alternatives (site index, initial planting density, and harvesting age).




(7) Analyze the results of the experimentation with the 3 models

to setisfy the ohbjective of the research.
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CHAPTER II
BACKGROUND OF THE PROBLEM

The paper industry in the Southeastern United States is now facing
a potential wood supply crisis due to problems in producing and harvest-
ing pulpwood (1). In the past, the paper industry directed major efforts
toward improving paper manufacturing while practically neglecting pro-~
duction and harvesting of wood. Thls was made possible, and even profit-
able, by large wood reserves and abundant available labor which no longer
exists. In recent years, the paper industry and equipment manufacturers
have made efforts to improve harvesting operations by limited mechaniza-
tion. Improvements in productivity per work unit have resulted but are
inadequate to resolve the problems. It is now necessary that efficient
high performance harvesting systems be developed in conjunction with
future forest management practices so that adequate solutions will be

available to combat the pending crisis.

Forest Growth Problems

In 1968, Dyck (1) reported that the United States had some 509
million acres of commercial forest land and, during 1966, these lands
produced appro:d.matelﬁ 55 million cords of pulpwood. The U. S. Forest
Service estimates the demand to be 101 million cords in 1985. This is
an 8 percent increase in demand for pulpwood in 20 years. |

Between 1953 and 1963, commercial forest acreage increased 1‘.5

percent. However, a million or so acres of forest land is being taken




1"

snnually for agriculture, right-of-ways, resldential developments,
industrial sites, and the like. This unpredictable give-and-take tends

to transfer the more productlve and accessible forest land into other

uses while worn-out and less desirable land reverts to forest use. The
need for land-use planning, on both a local and a national scale, becomes
ever more apparent from the standpoint of all potential uses. It is es~
pecially pressing for forestry because the growing of trees and other
major wild land uses are long-term operatlons requiring assurance that the
land will be available long enough to produce the desired return (2).

Improvement of the forest land availability in the long-term
(1985 to 1995 and beyond) is very pessimistic. Conversion of forest
lands into agricultural lands is a logical outcome of the rapidly develop-
ing world-wide food problem. The only hope seems to lie in intensive
forest management programs that promise productivity increases of over 30
percent (1).

The forests that must produce increased yields when they are har-
vested during 1990-200C time period must be properly planned today and
scientifically managed. The current land ownership patterns and related
econcmics are not very responsive to this fact and can lead to serious
consequences. This problem is especially critical in the South where the
bulk.of the pulpwood is obtalned from small woodlands held by independent
owners. Business Week (3) reported in 1968, that though their numbers
are diminishing, small timber holdings (10 to 20 acres) predominate the
pulpwood business by comprising 52 percent of all available timberland.

The small landowners are made up of a variety of individuals., 4

large majority are farmers, many being small farmers, whose major interest
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in the land is related to agriculture. Other groups who tle up an ever-
in_creasing woodland acreage are business executives and professional
people who acquire these lands for recreatlional and retirement purposes.
Due to their scale of operation, these small landowners do not scientifi-
cally plan and manage their forest. Currently, there is not an economic
incentive for these amall landowners to increase their land yield.

It is not desirable for the paper companies to sttempt to buy suf-
ficient land to satisfy the wood demand. Land ownership is very important
to a very large segment of the American public. In view of this, it is
very doubtful if the public would s2llow a few large companies to control
such a large percentage of land.

The only practical solution seems to be mutual cooperation between
the paper companies and the small landowners. With an adequate incentive,
the small landowner is probably interested in forest plamming and manage~
ment to increase yield. Expensive high production equipment is required
to properly prepare, plant, and harvest the forest efficiently. If the
peper companies develop a pool of such equipment, they can prepare, plant,
and harvest the small landowner'!s land at reasonable costs and insure the
landowner adequate return on investment. This is desirable to the land-
owner because it helps insure an adequate return on investment, and it
is desirable to the paper company because it helps insure an adequate
wood supply. The small acreage problem can be alleviated by systemat-
ically scheduling operations on amall land acreages in the immediate

vicinity of each other.
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Forest Harvesting Problems

In addition to problems related to land planning and management,
there are severe labor problems developing that rmst be resolved to pro-
vide adequate harvesting capacity in accordance with future pulpwood de-
mands (4). For many years, the national economy provided an abundant and
cheap labor supply. In this labor environmeﬁt, pulpwood harvesting re-
quirements were readily accomplished by manual operations. During this
time, working conditions were characterized by low wages, irregular work,
excessive physical exertion, and excessive exposure_to adverse forest en-
vironments. The national economy began to improve while the pasper induse-
try was making little effort to improve harvesting operations and related
working conditions. The expanding economy produced a large demand, in
urban centers, for labor to fill jobs that offered good wages, regular
work, and improved working conditions. The paper industry was then con-
fronted with an expanding demand for paper in a dwindling labor force
that was demanding better wages and improved working conditions.

Development of the lightweight power saw, during the early
1950t's, was the first major effort to eliminate some pulpwood harvesting
dependence on manual power. The power saw was followed by the powered
cable hoist mounted on the haul truck to relieve ﬁhe burden of loading
the pulpwood.

In 1950, the logging industry required approximately 200,000 men
to produce almost 21 million cords of pulpwood. In 1961, 220,000 men
produced hO million cords.l Production during this 11 year period almost
doubled with only a 10 percent increase in manpower requirements. The

introduction of the chain saw, improved truck handling equipment,
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mechanlzed reloading yards, and chip residue programs had a dramatic effect
on the drop in manpower needs (L).

When the power saws and truck mounted cable holistis were developed,
they were naturally adapted to the existing small pulpwood harvesting
crews, Due to their related small investments, low skill requirements,
and increased labor productivity, they were readily incorporated into
existing operations.

By the early 1960's, further advances in mechanization were made
by the introduction of the articulated skidder (L wheel drive and rubber
tires) and hydraulically operated pulpwood handling equipment. These
advances Increased productivity and reduced manual effort, but they were
not readily incorporated into the existing harvesting operations which
were performed mostly by small crews. This equipment required much higher
initial investments, increased operator training, increased maintenance,
higher operating costs, and more management planning. It was difficult
to upgrade the small harvesting crews with this equipment due to their
limited financial resources, scale of operation, and training. Only the
larger harvesting crews and the paper company's harvesting crews were
adaptable to this equipment. '

The paper companies and equipment mamifacturers continued in the
development of harvesting equipmént that would fully mechanize pulpwood
harvesting. According to Rolston (3), the ideal of mechanization was to
be reached when a worker did not have to get on the ground. Equipment
was placed on the im.rket by the mid and late 1960's that satisfied this
goal of full mechanization. | |

The Buaschcombine, the first fully mechanized harvesting system,
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was first placed in service in 196Lk. While operated by one man, it fells,
delimbs, measures, bucks, pre-hauls, and loads 1.1 cord bundles of 5 foot,
6 inch bolts onto a pallet or truck. It was the first machine to utilize
hydraulic shear cutting of wood, which has been utilized in many other
subsequent designs. It is designed to process s tree with a maximum
diameter of 19 inches (5). Its manufacturer terms the Buschcombine as &
mass production line concept that has more than tripled the labor output.

The Koehring Processor, introduced 3 years after the Buschcombine,
has a similar production sequence. This machine has a tree-processing
boom that performs a continuous downward operation while topping,
limbing, and bucking. The resulting 8 foot bolts are conveyed to, and
accumulated in, a rear grapple that loads them on haul trucks when a
load is formed. This machine is designed for a maximm diameter of 16
inches (5).

Sicard and Logging Research Associates have developed similar fully
mechanized systems that utilize a feller-buncher and & wood processor.
The feller-buncher hydraulically shears the trees from the stump and de-
posits them in & storsge grapple. When a load is formed, the feller-
buncher transports the trees to the processor for additional processing.
The procesgsor topg, delimbs, measures, bucks and deposits the pulpwood
bolts in bundles. The bundles of bolts are then loaded on trucks for
hauling. The Logging Research Associates' processor alsc debarks the
trees. The Sicard and Logging Research Associates! systems are designed
for a maximm tree diameter of 16 and 18 inches, respec‘hively..

Omark and Beloit harvesters are similar fully mechanized systems
that have .a. hydraulic shear, delimber, and bucker mounted on a hydraulic-
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ally operated boom. These machines sever the tree from the stump with a
hydraulic shear while securing the stem with the boom. The boom then
tops, delimbs, measures, bolts, and stacks the wood on the ground. The
Omark system is designed for a maximum tree diameter of 17 inches. The
Beloit system is designed for a similar maximum tree diameter.

A1l of these fully mechanized harvesting systems have greatly in-
creased man~-machine productivity over the less mechanized systems. In
most cases there has been sume reduction in harvesting cost. The great-
est problem related to these fully mechanized systems is their cost.

A1l of them cost more than 50,000 dollars each. In general, the paper
company's harvesting crews are the only crews that can utilize this
equipment due to its initizal cost.

These machines are the first generation of fully mechanized har
vesting systems and they lack refinement. The machines have a poor cost-
productivity ratio. The major limitation on their production rate is
caused by designs that allow only one operation to be performed on only
one tree at a time while much of the machine and the operator are idle or
improperly utilized. These machines are also designed for too wide a
range of tree sizes. All of them are designed to harvest trees with at
least 16 inch diameters. Preliminary analysis of the economics related
to tree growth indicates that it is not economical to even grow trees to
a 12 inch diameter. This is further verified by this work. A review of
tree characteristics indicates a tree with a 16 inch diameter weighs
approximately twice as much as one with a 12 inch diameter and approxi-
mately l; times as much as one with a 9 inch diameter. The machine design,

cycle time, and operating cost are closely related to the maximum size
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tree a machine is designed to harvest.
In view of the above, future harvesting machine designs and future
forest planning and management should be developed in conjunction with

each other and the related management objectives.

Evaluation of Forest Growth and Harvesting Problems

In the past, there has been considerable difficulty in evaluating
forest planming and management altermatives and harvesting equipment de-
sign. Harvesting equipment design was normally evaluated by experimenta-
tion with equipment after it was fabricated. Evaluation of forest
planning and management alternatives was limited by the long-term nature
of the forest. The development of the electronic computer in the 1950's
and the increased refinement and availability since that time has recent-
ly made possible the evaluation of forest planning and management alter-
natives, as well as harvesting equipment design, by computer simulation.

In the past 15 years, the cost of arithmetical computations has
decreased by a factor of 10,000 or more in those areas where digital
computers can be used in their most efficient modes of operation. The
appearance of the electronic computer has removed the practical com-
putational barrier. Since the early 1950's, the computer's speed,
memory csapacily, and reliability have increased approximately tenfold
per year. Overall, this is a technological change greater than that
effected in going from chemical to atomic explosions. Society cannot
absorb such a change in this length of time. We have a tremendous un-
tapped backlog of potential applications of this advancement. Since com- .

puting machines are now so widely available and the cost of computation
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and machine programming is so low relative to other costs, former
difficulties in activating similation models need no longer determine
our rate of progress in understanding system dynamics (6).

Computers are essential for massive calculations connected with
stand and harvester simulation models. Other potential uses will un-~
doubtedly affect the entire spectrum of forest management in the future
(7).

Simulation is the technique of evaluating a system's performance
through experimentation performed on a mathematical model representing
the real world system. According to Mao (8), the simulation study should
start with the construction of & methematical model designed to capture
the essence of the relevant features of the resl world, thereby revealing
the functional relationships among the variables being investigated. The
mathematical model serves as a medium of statistical experimentation.
This usage of a mathematical model in simulation is what distinguishes
simulation from optimization where mathematical models are solved analy-
tically rather than experimentally. Tt would be ideal if we could readily
derive analytical solutions from all of our mathematical models. Un-
fortunately, this is sometimes impossible since a problem may be sc com-
plex that either it has no analytical solution or it has an analytical
solution which is too costly to derive.

Since mathematical models in simulation studies derve as tﬁe basis
of experimentation, the focus in their construction is on specifying the
interrelationships between the individual elements making up the problem
and on describing the randomness in these elements. These'flmthmnati'cal

models, when activated with actual data, enable the analyst to forecast
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the kind of results that can be expected under actual conditions. By
repeating the experiment many times for each alternative policy and by
comparing outcomes, a policy can be chosen which produces the best
similation results (8).

Simulation of pulpwood harvesting machinery has recently attracted
much attention because the forest industry is striving to reduce the cost
of wood fiber at the mill. The place where the greatest cost reduction
can be achieved is in cutting the tree and getting it to the rcadside in
a form which can be readily transported to the mill (9).

Similaticn testing has many advantages over field testing of har-
vesting equipment. The method 1s much faster than field testing. A test,
in which a 1,000 tree forest 1s harvested, can be made on a computer in
less than a minute. The effect of varying the machine size can be tested
without the expense of modifying the machine., The machine can be tested
in a wide range of stand conditions using data from elither actual or
hypothetical stands. All tests can be made on the same stand, thus
eliminating the "between stand" varlationa. This is not possible with
field testing because a stand can only be harvested once; in the computer
it can be reharvested as many times as necessary. Using the simulation
technique, it is possible to study the effect of warying one machine or
stand characteristics while keeping the remaining characteristics
constant. In practice, this is seldom possible as varying one character-
istic usually alters others. The disadvantage of simulation models with
new designs is the availability of related data for comparison so that
model accuracy can be determined (10).

A forest stand model is very valuable in providing guidance in
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planning and managing future forests. A stand model is & simulation
model that can be used to describe forest growth on an individual tree
basis. This makes it & useful tool in forest management research for
studying the effect that different initial spacing and different thiming
treatments have on subsequent steand development. Results can be obtained
in only a few minutes of camputer time; whereas in réa.l 1life, .perhaps

100 years would be required. The researcher can afford to take risks
and experiment with umisual treatment because failure, at the worst,
means wasting a few dollars worth of computer time (7).

The growth rate of a tree in a given stand and site depends on its
diameter, age, and the amount of competition. Diameter and age data are
relatively easy to obtain but competition is an imponderable factor.
Competition is known to be at a minimm when the tree is open-grown and
at a maximm when the tree is suppressed and about to die. There is
pfobably a "zone of influence" or "occupancy" around each tree and the
area of this zone can be safely assumed to be proportional to the size
of the tree. The situation can be stated more simply by using the D.B.H.
to measure "size" and by assuming that the "zone" is a circle. The
radius of the circle is assumed directly proportional to the D.B.H.
Unfortunately, the value or "competition radius factor' by which the
D.B.H. must be amultiplied is unknown (7).

Computer similation models can provide valuable guidance 't.’g the
independent landowner and the paper company in detemmining forest plamning
and mansgement alternatives that optimize economic (business) objectives.

In view of the intricately complex nature of business systems, it

is difficult to evaluate new management concepts or system designs. Direct
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experimentation poses almost insurmountable problems due to disruptioms,
uncontrolled results, length of time required, and the possibility of
costly mistakes. Computer simulation, on the other hand, has been shown
to provide a suitable methodology to study business system behavior under
a variety of conditions and provide a means for analysis of simultaneous
interaction of the many system variables to yield valuable insights (11).

Initially, computer programming problems were the major stumbling
blocks in developing simulation models. This was caused by the require-
ment to program the model in machine language which required a detailed
understanding of computer operations. This difficulty has been greatly
reduced by the development of specialized compiler language. Specialized
compiler languages are designed for specific modeling technigues. The
compiler language converts the model equation into machine language,
thus eliminating the need for one to understand the many details of
machine language.

The compiler languages used in this work are DYNAMO (12) and
GPSS II (13).

The DYNAMD compiler language is readily adapted to dynamic feedback
systems in business, economics, and engineering due to its sbility to
translate mathematical models into tabulated and plotted results (12).
The DINAMO program computes instant progran variébles at time intervals
which are identified by the program symbol DT. The time instant at which
computations are made iIs called the K computational instant. The prior
coﬁputational instant is identified as the J instant and the instant of
the next computation is identified as the L instant. The time interval

between these computational instants is identified as the JK and KL
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intervals (12).

There are 3 principal types of variables in DINAMO: 1lewvels, rates,
and auxiliaries, A level is a quantity calculated at the K computational
instant and its value depends upon its value at the J computational
instant, other variables at the J instants, and values of rates at the
JK intervsl. Rates are wvariables that represent the changes between
computational instants. Rates are computed at the K instant for the KL
interval from lewvels and awxiliaries at the K instant, and occasionally
from rates at the JK interval. Auxiliaries are variables that are intro-
duced to simplify the algebraic complexity of rate equations. Auxiliaries
are computed at the K instant from levels and other auxiliaries at the K
instant, and occasionally from rates at the JK interval. DINAMO consists
of approximately 10,000 instructlions written in machine language. DINAMO
can handle siﬁulation models with up to 1,400 equations (12).

GPSS II (General Purpose Systems Simulatiﬁn IT) compiler language
is readily adaptable to process flow simulation., This language allows
the user to study the logical structure and the flow of traffic through
the system. It 1s possible to simulate the interdependence of wvariables
in the system such as queue lengths, input rates, and processing time.
Material flows are simlated by transactions amd each transaction is
assigned definitive values. Operations on the material flow are similated
by facilities. The operating time for each facility is based on constants,
functions, or variables as programmed in the model., The transaction flow
logic can be programmed to simulate the actual flow logic. The simulated
time, at any point in the flow of a transaction, may be recorded as can

also a variety of statistical data related to the simulated flow of
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material through the simulated system. GPSS II can simulate 1,000
transactions processing through 200 facilities (13).

In this work, DINAMC compiler language is used in a combined
forest growth and economic simulation model; whereas GPSS II compiler
language is used in & harvesting machine simulation model. The

objective of this work would be unfeasible without the use of such

simulation models.
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CHAPTER III

HARVESTER DESIGN CRITERIA

Fully mechanized harvesting systems have been developed in
response to decreasing labor resources and increasing wood demands as
well as increasing productivity requirements. The current fully mecha-
nized systems are first generation designs and lack refinement. Their
productivity is limited mainly due toc inadequate specialization of de-
sign, insufficient automation, improper sequencing of operations, and
excessive handling of individual trees and belts. In general, the de-
signers of these systems concentrated too much on getting the operator
off the ground and not enough on efficient machine design and
utilization.

Millar (14} reports that most of the important softwood and hard-
wood species in the United States are intolerant of shade which means
they reproduce and grow best in stands of approximately the same age.

He also states that "if they grow best this way, they should be managed
this way." In view of this, it is interpreted that even age geometric
planting, as is done in plaﬁtations, is a desirable forest planning and
management policy. Such planning and management policies ére also
conducive to mechénized harvesting because of the resulting uniform tree
size énd spacing. A preliminary economic analysis is conducted to
determine optimal forest planning and management policies relative to

planting densities and harvésting ages for forest plantations. This
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analysis indicated that optimal policies would result in harvested tree
D.B.H.s being less than 12 inches and a height less than 65 feet. This
is verified in Chapters VIII and X of this work. As pointed out in Chap-
ter II, all of the current fully mechanized systems are designéd for max-
imm tree diameters of at lleast. 16 inches. If these machines were de-
signed for optimally planned and managed forests s thelr cuirent use would
be restricted due to the limited availability of such forests. But uti-
lization of optimal policies should increase and the harvesting machine
design should be speclalized in accordance with these policles. As noted
in Chapter IT, a tree with a 16 inch diameter weighs approximately twice
as much as one with a 12 inch diameter and L times as much as one with a
9 inch diameter. Machine design is closely related to the maximum tree
size it must harvest. Normally, designs associated with larger trees re-
quire larger, slower, and more expensive components than designs associ-
ated with smsller trees. As a result, the machine designs related to the
larger trees are slower and more expenéive to operate. In view of this,
current mechanized systems are designed for tree characteristics approxi-
mately twice those resulting from optimally planned and managed forests.
Current harvesting machines are normally designed so that the oper-
ator is required to control most of the processes as one tree is processed
by the machine. It would be more efficient utilization of the operator
to only require the operator to assist the machine at the beginning of
the processing sequence with all subsequent dperations being automateci.
The sequencing of operations of current harvesting machines i-e-
sults in _iow machine and operator utilization. With current designs, only

one operation is performed at any given time with only one tree at a time
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being processed by the harvester. With this design, the machine
accomplishes several operations but many components are idle while only
the components related to the operation being performed at that specific
time are being utilized. Increased machine productivity can be realized
if the harvesters are designed to simultaneously perform progressive
operations on multiple trees as individual trees are progressively pro-
cessed through each of the operations. As stated gbove, the operator
should be utilized only to start each tree in this sequence of operatioms.
| Some of the current fully mechanized systems have multiple machines
harvesting trees in separate operations. This requires each tree to be
partially processed by each machine. Each tree, or partially processed
tree, requires individuwal handling to start the processing sequence with
each machine. The excess handling increases harvesting cost. Other
systems attempt to accompllsh toe much with a single machine by process-
ing the tree into bolts and hauling them out of the forest. When a ma-
chine is designed and used for a tree processing function and a transpor-
tation function, only a limited percentage of the machine'!s capability
can be used at a given time. It is impossible for trees to be processed
at the stump and hauled in the very same operation at the same time.
Therefore, it is desirable for one machine to be designed to completely
process the tree intc pulpwood and accumulate the‘pulpwood into units
that can be readily transported. Specialized hauling equipment can then
be utilized to transport these units out of the forest. In view of this,
the harvesting operation in this work consists of processing trees into
units of wood that are readily transported out of the forest and to the

paper mill.
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Considering the above design problems in current harvesting
machines, a harvester design is proposéd in this work to reduce or
eliminate the noted problems. The design utilizes existing components
which are commercially available and have established performance
characteristics based on past usage data. In view of the results of a
preliminary study, the design is for & maximum tree butt diameter of 12
inches, a maximum weight of 1,500 pounds, and an optimal height of 65
feet (50 foot harvestable stem). The operator is required to control
the machine movement to the trees and the initial operation. While the
operator is controlling the first operation, the harvester simultanecusly
performs automatic operations on multiple trees that are being progressive-
1y processed by the harvester.

The harvester processes the trees into 16 foot, 8 inch bolts which
are stored in a grapple until a 13,000 pound unit is formed. When the
13,000 pound unit is formed, tree processing is interrupted while the
load is deposited on the ground as a 13,000 pound unit for transporta-
tion. The trees are processed into 16 foot, 8 inch bolts because this
length reduces processing and is readily ioaded and transported. This
size unit is efficiently transported in the forest and loaded on haul
trucks. Four of these units form the maximum load (approximately) for

efficient truck transportation (to the mill) on public roads.
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CHAPTER IV

THE HARVESTER DESIGN

Discussion of the Harvester Operations

The pulpwood harvesting machine design, proposed in this work,
requires limited operator control, incorporates automatic operations,
provides an efficient sequence of operations, minimizes individual
handling of trees, and utilizes existing machine components. A sketch
of the proposed harvester is presented in Figure 1. A block diagram of
the harvester operations is presented in Figure 2.

The harvester cperation sequence begins with the operator identi-
fying the tree to be harvested and then guiding the machine, specifically
the shear, tc the tree. When the operator has positioned the shear on the
tree, he is ready to prepare for the next tree. All subsequent operations,
excluding the unloading operation, are automatic. The shear severs the
tree in two stages. The grapple is automatically positioned on the tree
relative to the position of the shear. The first stage shearing partially
severs the stem. The second stage shearing completely severs the stem,
hut it is not allowed to start until the grapple has secured the tree.
When the tree is severed, the grapple raises the tree to a waiting
position for delimber clearance. The shear is then available for the
operator to guide it, and the machine, tc the next tree.

When the delimber is clear, the grapple positions the tree in the

delimber. The delimber then delimbs the tree and the grapple secures the
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next tree in the shear.

After delimbing and bucker clearance, the tree is flipped into the
bucker. The delimber is then clear to delimb the next tree. The bucker
shears the tree into three 16 foot, 8 inch bolts if the tree is long
enough. If the tree is not 65 feet long, the top bolt will contain some
of the top that is smaller than 3 inches.

When bucking is complete and the conveyer is clear, the bolts are
flipped into the conveyer. The bucker is then cleared to accept the next
tree from the delimber. The conveyer deposits the bolts in the storage
grapple.

When the hydraulic suspension system senses that a 13,000 pound
load is supported by the harvester, the operator is alerted. The operator
stops processing additional trees into the machine and, as the last trees
are processed through the harvester, he starts positioning the machine
to deposit the unit load (approximately 13,000 pounds). When the load
is deposited on the ground, the operator and harvester can then start

processing the next unit load.

Discussion of Machine Components

Many of the components utilized in the harvester design are briefly
discussed relative to major assemblies.
Shear

The shear is used to sever the tree from the stump by the shearing
action of 2 blades. A hydraulic cylinder provides the cutting force.
The shear is mounted on an arm that is equipped with a hydraﬁlic cylinder

to raise and lower the shear and a hydraulic c¢ylinder to slue the shear
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horizontally.
Grapple

The grapple is used to position the tree in the delimber after the
tree has been severed from the stump by the shear. The grapple 1s made
up of a grapple assembly, a tree support, and a grapple arm. The grapple
assembly has 2 clamps that secure the tree. Each clamp is operated by 2
hydraulic cylinder. The grapple assembly can be rotated beneath the
grapple arm by a hydraulic cylinder. A movable tree support (operated by
a hydraulic cylinder) is located on the top of the grapple arm to help
support the tree as it is lowered into the delimber. The grapple
assembly and the tree support are mounted on the end of the grapple amm.
The grapple am is equipped vﬁth 2 hydraulic cylinders, series mounted,
to raise and lower the grapple aym and 1 cylinder to provide horizontal
sluing of the arm.
Delimber

The delimber delimbs the tree by rotating the tree near a series
of cutting heads. The cutting heads are operated by two hydraulic motors.
The rotary motion of the tree is provided by a series of chain rotating
mechanisms that are operated by hydraulic motors. The delimber is also
equipped with a set of flips that hold the tree in the delimber during
delimbing and discharges the tree into the bucker when the delimbing is
complete. These flips are operated by hydraulic cylinders.

Bucker

The bucker is equipped with 3 shears that cut the tree into the
desired lengths. A hydraulic cylinder provides the cutting force for

each of the shears. The bucker also has 3 receiving flips to receive and
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hold the tree in the bucker and 6 discharging flips to discharge the
tree bolts into the conveyer. Each of these flips is operated by a
hydraulic cylinder.
Conveyer

The conveyer is comprised of a series of rollers.to convey the
bolts to the storage grapple. This series of rollers is divided into 3
sections. FEach section is opérated by a hydraulic motor. The rear
section of rollers is located above the storage grapple. It can be
tilted, by & hydraulic cylinder, so the bolts will fall into the storage
grapole when the conveyer side gates are opened. The side gates are also
operated by a hydraulic cylinder. The rear section of the conveyer is
equipped with a shock absorbing stop (operated by a hydraulic cylinder)
to stop the bolts.

Storage Grapple

The.storage grapple stores the processed trees until a 13,000
pound load is formed. The storage grapple supports the load on 6 curved
arms. Esch of these arms is operated by & hydraulic cylinder. When =
load is formed, the amms are opened to allow the load to be deposited
on the ground.

Harvester Suspension System

The harvester is transported by 3 steerable axle assemblies. FEach
of the axle assemblies is powered by a hydraulic motor mounted on the
differential. The harvester is supported on the axle assembly by 6
hydraulic cylinders. The steering of the axle assemblies is

accomplished by hydraulic cylinders.
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Power Package

The harvester's power source is 2 diesel engines (each rated at
220 continuous horse power). Each of these engines drives 3 hydraulic
pumps.

The harvester design utilizes components that were available at
the time of this research. The related cost and performancé data for the
components were obtained from the component distributors in the Atlanta
area.

The total estimated cost of the proposed harvester, at the time
of this research, was 99,000 dollars. The cost is summarized in
Appendix I.

The total operating cost of the harvester, at the time of this
research, was 30 dollars per hour. This cost is computed in accordance
with guidelines published by The Caterpillar Tractor Company {(15). The

operating cost computations are presented in Appendix I.
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CHAPTER V

DEVELOPMENT O HARVESTER SIMULATION MODEL

Discussion of Harvester Simulation

In order to economically evaluate the design of the proposed
harvester, it is necessary to determine its processing time per tree re-
lative to tree and forest characteristics. Computer simulation is =
flexible and economical method for determining the oroposed harvester's
tree processing time.

Development of a simulation model is much cheaper than construc-
tion of a prototype (the conventional method) and a model can produce
reasonably accurate results. A simulation model is very flexible in that
it is readily changed to simulate design modifications. A simulation
model allows experimentation with many different sirmlated forests while
the prototype requires actual growing and harvesting of the forests.

The computer sirmlation also produces results faster because it simulates
the harvesting operation in microseconds while the forest must be har-
vested with the prototype.

In view of the above, a computer simuiation model is developed to
simulate the harvester harvesting various forests with different tree and
forest characteristics. Each of the operations is broken into the basic
movements that are required to accomplish each operation. These movements
are accomplished by hydraulic components such as hydraulic motors and

cylinders. Since the machine design utilizes existing components which
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have established performance charcteristics, the estimated time to
accomplish each movement is readily determined. The simulation model is
programmed to simulate the time (in 0.1 second increments) required for
each motion and the interdependence of various motions as they occur in
the actual harvester.

The harvester simulation model is programmed in General Purpose
Systems Simulator II (13) computer language. This language 1s used be-
cause of its adaptabllity to process flow simulation. The complete
simulation model and sample printout are contained in Appendix II.

A detailed flow diagram of the harvasterﬁs processing sequence is
presented in Figure 3. This flow diagram is used to explain the simula-
tion model and the related harvester operations. Each processing move-
ment, or series of movements, is represented by a circle and a number
that is called a step. The sequence of steps is represented by solid
lines and the interdependence of aimmlt#neous éteps is represented by
dotted lines.

The followlng discussions of the harvester simulation subprograms
relate each of the steps in Figure 3 to the model programming blocks of
the computer program contained in Appendix II. Only the programming
blocks necessary for a basic understanding of the computer similation

model are discussed.

Discussion of Harvester Simulation Model Subprograms

Forest OGenerator and Model Control Subprogram

Step 1. Tree transactions, representing trees to be harvested, are

generated by the simmlation program in blocks 1 and 2. Each transaction
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has eight parametefs to which specific tree and forest characteristics
are assigned. Blocks 3, L4, 540, 5, 6, 7, 8, 9, 10, and 11 are used to
assign tree and forest characteristics to parameters of each tree trans-
action as follows:

(1) Parameter 1 is assigned the tree D.B.H. in tenths of
inches.

(2) Parameter 2 is assigned the tree height in feet.

(3) Parameter 3 is assigned the tree rmumber.

(1) Parameter Ly is assigned the tree spacing in the row in
tenths of feet.

(5) Parameter 5 is assigned the tree aligmment in the row in
tenths of feet.

(6). Parameter 6 is assigned the tree grade (a fatality is assigned
a value of 3, a defective tree is assigned a value of 5, a harvestable
tree is assigned a valune of 10).

(7) Parameter 7 is assigned the tree terrain cla.ssification
(5 classes depending on ground slope).

(8) Parameter 8 is assigned the types of cut (clear cut is as-
signed a value of 5 and a thinning cut is assigned a value of 10).

Step 2. Blocks 51 through 61 and 72 set savex values that are
used as model controls during the simulation. Blocks 70, 7h, 71, 75, 76,
77, 78, and 79 are used to create duplicate tree transactions that
similate the operations performed on the tree. Duplicate transactions
&re necessary 'because cortain functions of different operations are con-
ducted simultaneously in coordination with each other as the tree is
processed through the harvester.
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Operator Simulation Subprogram

Step 1A. This step provides model logic based on the value of
parameter 6 (tree grade) of each tree transaction. Block 20 routes the
transaction to step 24 if the tree is a fatality or to step 3A if the tree
i1s a defectlve tree or a harvestable tree.

Step 24, This step simulates the operator processing a fatality
which actually does not require any time., Blocks 31, 32, 33, and 3k re-
cord the same clock time in savexes 101, 102, 103, and 104 so that O oper-
ating time i1s shown In the simulation printout. A.fatality'is identified
in the printout by O operating time. The model is programmed so that the
operator starts processing the next tree after the fatality so that the
time required for the machine to move pass the fatality is recorded as the
processing time on the next tree.

Step 3A. Block 21 records clock time in savex 101. Blocks 86
and 87 simulate the time required by the operator to identify the next
tree, estimate the D.B.H., and set the shear opsning range.

Step LA. Hock 88 simulates the time required for the operator to
determine if the tree is a harvestable tree or a defective tree. This
block also routes the transaction to step SA if the tree is a defective
tree that must be cut out of the way or to step 6A if the tree is a
harvestable tree.

Step 5A. Block 91 sets savex 106 equal to 1111 so that defective
trees are ldentified in the printout data.

Step 6A. Block 89 sets savex 106 equal to O so that harvestable
trees are identified in the printout data. Block 22 simulates the time

for the operator to determine the terrain classification and program the
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grapple for the terraln slope.

Step 7A. Hlock 23 records clock time in savex 102. Relative to |
the value of parameter 8, block 24 routes the transaction to step 84 if
a thinning operation is required or to step 94 if a clear-cutting opera-
tion i3 required.

Step BA. Blocks 92, 93, and 9L simulate the operator, in conjunc-
tion with the shear (blocks 1L2, 143, and 1Lk of step LB), determining
and accomplishing the slue of the shear to a neutral position so that
the harvester can move to the next tree to be removed in z thinning
operation.

Step 9A. Block 95 holds the operator and block 146 of step 5B
holds the shear for mmtual availabllity. Block 25 records the clock time
in savex 103. Blocks 96, 97, and 98 simulate the operator in coordination
with the shear (blocks 151, 152, 153, 154, 155, and 156 of step 10B) as
he is determining and accomplishing, if necessary, a back up in order to
provide clearance for the shear to slue to the tree. Blocks 99, 100, and
101 simulate the operator in coordination with the shear (blocks 157, 158,
159, 160, and 161 of step 10B) as he is determining and accomplishing, if
necessary, the initial forward advance to position the machine so that
the tree will be near the shear when the shear is slued into alignment
with the tree. Blocks 102 and 103 simulate the operator, in coordination
with the shear (blocks 162, 163, 16L, and 165 of step 10B) as he is con-
trolling the slue of the shear into aligrment with the tree. Block 104
holds the operator simulation untll the shear has completed the slue to
the tree (block 167 of step 11B).

Step 10A. Block 105 simulates the operator preparing for the final
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advance. Block 106 holds the shear (block 168 of“step 12B) until the
operator is prepared for the final advance. If the new tree is within
2.5 feet alignment of the shear's neutral position during the final ad-
vance, the new tree could interfere with the previous tree that is being
proces.sed through steps 9C to 13C by the grapple. In the event of possi-
ble interference, the operator and shear simulations are not allowed to
pass block 4O of step 13B until the grapple has passed step 13C which is
indicated by the value of savex 30.

Block 107 simulates the operator in conjunction with the shear
(blocks 169, 170, 171, 172 of step 14B) as he is accomplishing the final
forward advance of the harvester to position the shear on the tree. Block
26 records the clock time.

Step 11A. Blocks 27, 28, and 29 compute operating times for the
operator. Block 30 prints out operator processing data in savexes 100
to 109 as follows:

(1) Savex 100 records the tree number.

(2) Savex 101 records the time the operator starts processing
the tree.

{3) Savex 102 records the time the operator starts waiting on
the shear.

(4) Savex 103 records the time when the shear is available to
the operator.

(5) Savex 104 records the time when the operator completes pro-
cessing of the tree.

(6) Savex 105 records the actu#l operating time of the operator.

(7) Savex 106 identifies defective trees by a value of 1111,
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harvestable trees by a value of O, and fatalities by a value of 1.

(8) Savex 107 is not used to record data.

{(9) Savex 108 records the time the operator waits on shear
availability. |

(10) Savex 109 records the total time required by the operator to
process the tree.

After printing the above information, the operator simulation is
released by block 108 to simulate processing of the next tree.

Shear Simulation Subprogram

Step 1B. This step is for simulation model logic relative to tree
grade identified in parameter 6. Block 35 routes the transaction to
step 2B if the tree is a fatality or to step 3B if the tree is a defective
tree or a harvestable tree.

Step 2B. Thls step simulates the shear processing a fatality which
actually does not require operating time. Hlocks 111, 112, 113, 11k, 115,
116, 117, 118, 119, and 46 record the same clock time in savexes 111, 112,
113, 114, 116, 117, 118, 120, 122, and 123. A fatslity can be identified
in the printout by the same clock time in these savexes and O shear operat-
ing time. The model is programmed so that the time required for the shear
and harvester to move past the tree fatality is recorded as processing
time for the next tree.

Step BB; Block 36 records simulation clock time in savex 111 and
provides model logic relative to the type of cutting operation identified
in parameter 8, If a thinning cut is being performed, the transaction is
routed to step 4B or if clear cutting is being performed, the transactrén

ie routed to step 5B.




Step L4B. Blocks 140 and 141 compute shear slue distance to the
neutral position. Blocks 142, 143, and 1LL in conjunction with blocks
92, 93, and %L of step BA simulate thé shear belng controlled by the
operator and sluing to the neutral position. Block 145 records the shear
position in savex 11.

Step SB. Block 1L6 holds the operator (block 95 of step 9A) until
the shear has completed the slue to the neutral position if a thinning
operation is being performed. If clear cutting is being performed, block
1,6 holds the shear and the operator (block 95 of step 94) for mutual
availability. Block 37 records the clock time in savex 112. The next
steps (6B, 10By, and 8B or 9B) are conducted simultaneously.

Step 6B. Block 1LY simulates the shear opening time.

Step 7TB. Block 197 provides model logic relative to tree grade
identified in parameter 6. If the tree is a defective tree, the trans-
action is routed to step 8B. If the tree is a harvestable tree, the |
transaction is routed to step 9B.

Step 8B. Block 38 sets savex 121 equal to 1111 so that defective
trees are identified in the printout.

Step 9B. Block 39 sets savex 121 equal to O so that harvestable
trees are identified in the printout. Block 150 simulates the time
required for the harvester to automatically set the shear terrain stop.

Step 10B. Blocks 151, 152, 153, 15k, and 156 in conjunction with
the operator (blocks 96, 97, and 98 of step 94) simulate the time required
to determine and accomplish, if necessary, a back up to provide clearance
for the slue of the shear to the tree. Block 155 records the harvester

position in savex 10. Blocks 157, 158, 159, and 161 in conjunction with
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the operator (blocks 99, 100, and 101 of step 9A) simulate the time
required to determine and accomplish, if necessary, the initial forward
advance to position the machine and shear so that the tree will be near
the shear when the shear is slued into alignment with the tree. Elock 160
records the harvester position in savex 10. Blocks 162, 163, 16L, and 165
in conjunction with the operator (blocks 102 and 103 of step 94) simulate
the time for the slue of the shear into alignment with the tree.

Step 11B. Block 166 holds the shear until steps 6B, 10B, and 8B
or 9B are accomplished. Hlock 198 sets savex 20 equal to 10 to provide
clearance (block 235 of step 1C) for grapple slue to the tree, Block
167 holds the operator {block 10k of step 9A) until the shear has completed
the slue to the tree.

Step 12B. Elock 168 holds the shear until the operator (block 106
of step 10A) is prepared for the final forward advance to position the
shear on the tree. Block 168 also provides model logic. If the new tree
is within 2.5 feet alignment of the shear's neutral position during the
final advance, the new tree could interfere with the previous tree in the
grapple that 1s processing through steps 9C to 13C. If the new tree is
in this interference zone, block 168 routes the transaction to step 13B
to hold the final advance until there is no danger of interference. If
the new tree is not in the interference zone, block 168 routes the
transaction to step 14B.

Step 13B. Block 196 records the clock time in savex 113, Block
4O holds the final advance of the shear and harvester until the grapple
completes steps 9C through 13C (indicated by value of savex 30) with the

previous tree. Block 41 records the clock time in savex 11k,
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Step 14B. Blocks 169, 170, and 172 in conjunction with the
operator (block 107 of step 104) simulate the final forward advance of
the shear and harvester to position the shear on the tree. Block 171

records the harvester's position in savex 10. The shear has a sensor

'(shear terrain stop) that automatically stops the machine when the tree

hits it. Block 172 releases the operator (block 107 of step 104} to
start processing the next tree.

Step 15B. Block 173 simulates the time required for the shear to
automatically lower to the ground. Block 173 also provides model logic
relative to tree grade identified by parameter 6 of the transaction. The
transaction is routed to step 16B if the tree is a defective tree or to
step 17B if the tree is a harvestable tree.

Step 16B. Block 174 simulates the time to shear the defective tree
and block 175 simlates the time for the defective tree to fall to the
ground. Block 176 records the shear position in savex 11 for model
reference.

Step 17B. Block 200 simulates the time for the shear to accom-
plish phase 1 shearing which is the partial severing of the tree stem.
Block L2 records clock time in savex 116,

Step 18B. Block 201 holds phase 2 shearing until the grapple is
ready to grasp the tree (block 2Lé of step LC).

Step 19B. Block 43 records clock time in savex 116. Block 199
sets save# 20 equal to 5 to hold the grapple slue to the tree (block 235
of step 1C) for the next tree until the shear completes the slue to the
tree. Block 202 simulates the time to accomplish phase 2 shearing to

sever the tree stem. 3Block 203 holds the grapple (block 248 of step 5C)
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until the tree is severed. Block Lli records clock time in savex 120.
Step 20B. Block 204 holds the raising of the shear until the
grapple raises the tree to the slue position (block 255 of step 8C).
Block L5 records the clock fime in savex 122. Block 205 simulates the
time to raise the shear. Block 206 records the shear position in savex
11 for model reference. Block U6 records the clock time in savex 123.

Step 21B. Blocks L7, L8, and L9 compute time operating data for
the shear. Block 110 prints out shear processing data in savexes 110 to
124 as follows:

{1) Savex 110 records the tree number.

(2) Savex 111 records the time when the shear starts to slue to
the neutral position.

{(3) Savex 112 records the time the shear completes the slue to
the neutral position.

(4) Savex 113 records the time the shear starts to wait for
grapple clearance if the new tree is within 2.5 feet of aligmment with
the neutral position.

(5) Savex 11l records the time the shear receives clearance from
the grapple.

(6) Savex 115 records the actual operating time of the shear.

(7) Savex 116 records the time when phase 1 shearing is complete.

(8) Savex 117 records the time when clearance is given for the
phase 2 shearing.

(9) Savex 118 records the time the shear waits on the operator
and grapple availability.

(10} Savex 119 records the total time required for the shear to
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process the tree.

{(11) Savex 120 records the time when phase 2 shearing is complete.

(12) Savex 121 identifies defective trees by a value of 1111 and
harvestable trees by a value of O, A fatality has a 0 or 1111 value in
this savex, but it is identified by a value of O for all operating times
or the same clock times in savexes 111, 112, 113, 11k, 116, 117, 118, 120,
122, and 123,

{(13) Savex 122 records the time the shear is given clearance to
raise.

(14) Savex 123 records the time the raising of the shear is complete.

(15) Savex 124 1s not used to record data.

After printing the above information, the shear simulation is re-
leased by block 210 to simulate processing of the next tree.

Grapple Simulatlion Subprogram

Step 1C. Block L61 records the clock time in savex 131. Block
235 holds the grapple slue to the tree until the shear has slued to the
tree (block 198 of step 11B). The grapple is released when savex 20 is
set equal to 10 by block 198. Block Lé2 record; clock time in savex 132,
Blocks 238, 239, and 2LO simulate the time for the grapple to slue to the
tree. Block 241 simulates the time to unfold the grapple assembly 60
degrees from under the grapple arm. The next steps (2C and 3C) are per-
formed simultaneously.

Step 2C. Block 2k3 simulates the time tc unfold the grapple
assembly the remaining 30 degrees so that it is perpendicular to the
grapple arm.

Step 3C. Block 24k simulates the time to lower the grapple arm
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from the slue position to a position to grasp the tree.

Step 4C. Block L63 records the clock time in savex 133. Block
246 holds the phase 2 shearing (block 201 of step 18B) until the grapple
is positioned to grasp the tree. Block L6l records the clock time in
savex 13L.

Step 5C. Block 27 simulates the time for the grapple to close
on the tree. Block 24B holds the grapple until the phase 2 shearing
(block 203 of step 19B) 1s complete and severs the stem. Block 2L9
simulates the time to raise the grapple and the tree through 10 degrees
of the grapple arm. The next steps (6C, 7C, and 8C) are simultaneously
performed.

Step 6C. Block 253 simulates the time required to position the
tree support on the top of the grapple in order to help support the tree.

Step 7C. Block 252 simulates the time required to rotate the tree
and grapple assembly up 15 degrees. This rotation is necessary to posi-
tion the tree so that it will not interfere with the previous tree that
is being processed by the delimberjf

Step 8C. Block 25L simulates the time to raise the grapple arm
20 degrees to the slue position. Block 255 holds the raising of the
shear (block 204 of step 20B) until the grapple arm is raised to the
slue position.

Step 9C. Block 257 sets savex 30 equal to 5 to hold the final
advance of the shear (block LO of step 13B) to avoid interference with
the next tree if it is located within 2.5 feet of the shear's neutral
position, Block 258 simulates the time to slue the tree and the grapple

to the center slue position where 1t waits for clearance to go to the




50

delimber holding position. Block L65 records clock time in savex 136.

Step 10C. Block 260 holds the grapple in the center slue position
for the delimber clearance (block 315 of step 3D) to go to the delimber
holding position. The grapple cannot go to the delimber holding position
while the previous tree is processed through steps 1D to 3D because the
trees will interfere with each other. The delimber holds the grapple ap
block 260 by setting savex 35 equal to 5 at block 30L4 in step 1D. Block
1166 records the clock time in savex 137. The next steps (11C and 12C)
are simultanecusly performed.

Step 11C. Block 262 simulates the time required to rotate the
grapple assembly and tree support 15 degrees so that the tree is 90 de-
grees to the grapple arm,

Step 12C. Block 263 simulates the time to rotate the grapple arm
20 degrees to the delimber holding position.

SteE 13C. Block 265 sets savex 30 equal to 10 to release the
shear for the final advance for the next tree (block LO of step 13B).
Block 67 records the clock time in savex 140. Block 266 holds the
grapple in the delimber holding position until the delimber is clear to
receive the tree (block 302 of step 1D). Block L68 records clock time
in savex 142,

Step 1LC. Block 267 simulates the time to rotate the grapple arm
down 30 degrees and lower the tree into the delimber. Block 268 simulates
the time to open the grapple. Block 269 holds the delimber receiver
(block 303 of step 1D) until the grapple is opened. Block 270 holds the
grapple for the delimber receiver to raise the tree off the grapple

(block 306 of step 1D). The next steps (15C, 16C, 17C, and 18C) are
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conducted simultanecusly.

Step 15C. Block 272 simulates the time to lower the grapple arm
30 degrees to the delimber holding position.

Step 16C. Block 27L simulates the time to fold the tree support
back on the grapple arm.

Step 17C. Block 276 simulates the time to lower the grapple arm
30 degrees to the center slue position.

Step 18C. Elock 275 simulates the time to fold the grapple
assembly 90 degrees under the grapple arm.

Step 19C. Block 278 holds the lowering of the delimber receiver
(block 307 of step 2D) until the grapple has been lowered out of the way
of the tree. Block Li69 records the clock time in savex 143.

Step 20C. Blocks 470, 471, and 472 compute operating data for the
grapple. Block 473 prints out grapple processing data in savexes 130 to
1Ll as follows:

(1) Savex 130 records the tree number.

(2) Savex 131 records the time when the grapple is ready to slue
to the tree.

(3) Savex 132 records the time when the grapple receives clear-
snce to slue to the tree.

(4) Savex 133 records the time when the grapple is in position
for the phase 2 shearing to start.

(5) Savex 134 records the time when phase 2 shearing starts.

(6) Savex 135 records the actual operating time of the grapple.

(7) Savex 136 records the time the grapple starts waiting for

clearanée to go to the delimber holding positlon.
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(8) Savex 137 records the time the grapple receives clearance
to go to the delimber holding position.
(9) Savex 138 records the total time the grapple waits on the
shear and delimber.
(10) Bavex 139 records the total time required for the grapple to
process the tree,
(11) Savex 140 records the time when the grapple starts waiting
in the delimber holding pesition.
(12) Savex 141 is not used to record data.
(13) Savex 142 records the time when the grapple receives delimber
clearance to receive the tree,
(1L4) Savex 143 records the time when the grapple completes the
processing of the tree.
(15) Savex 1LL is not used to record data.
After printing the above information, the grapple simulation is
released by block 282 to simulate processing of the next tree.

Delimber Simulation Subprogram

Step 1D, Elock 481 records the clock time in savex 151. Block
302 holds the delimber and block 266 of step 13C holds the grapple for
mutvual availability. Block L82 records the clock time in savex 152,
Block 303 holds the delimber receiver until the grapple has opened (block
269 of step 14C). Block 30L sets savex 35 equal to 5 to hold the grapple
at the center slue position (block 260 of step 10C) when it processes the
next tree to avoid interference wiﬁh this tree. Block 305 simulates the
time for the delimber receiver to 1ift the tree clear of the grapple.

Block 306 holds the grapple (block 270 of step 1LC) until the receiver




53

1ifts the tree clear of the grapple.

Step_2D. Block 307 holds the delimber receiver until the grapple
(block 278 of step 19C) is lowered out of the way. Block 308 simulates
the time for the delimber receiver to lower the tree into the delimber.
Block 309 simulates the time for closing the delimber tree retaining
arms. Block 310 simulates the time for the dellmber to rotate the tree
against the delimbing cutters to remove the limbs. Block 311 simulates
the time for the tree retaining arms to open. Block L83 records the
clock time in savex 153.

Step 3D. Block 312 holds the delimber and block 367 of step 13E
holds the bucker for mutual availabllity to flip the tree from the de-
limber into the bucker. Block LEL records the clock time in savex 154.
Block 314 simulates the time for the delimber discharge flips to flip the
tree into the bucker. Block 315 sets savex 35 equal to 10 to allow the
grapple (block 260 of step 10C) to move from the center slue position to
the delimber holding position. Block 316 holds the bucker receiving
flips (block 368 of step 13E) until the delimber discharging flips have
discharged the tree. Block 317 holds the delimber discharge flips until
the bucker receiving flips receive the tree (block 371 of step 1LE).
Block 318 simulates the time to return the bucker discharge flips. Block
L85 records the clock time in savex 156. |

Step LD. Blocks L86, L87, and LB8 compute operating data for the
delimber. Block 4B9 prints out the delimber processing data in savexes
150 to 159 ag follows:

(1) Savex 150 records the tree number.

(2) Savex 151 records the time when the delimber is ready to
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receive another iree.
(3) Savex 152 records the time when the grapple starts lowering
the tree into the delimber.
(4) Savex 153 records the time when the delimber starts waiting
for the bucker clearance.
(5) Sawvex 154 records the time when the delimber starts dis-
charging the tree into the bucker.
(6) Savex 155 records the actual operating time of the delimber.
(7) Savex 156 records the time the delimber completes processing
of the tree.
(8) Savex 157 is not used to record data.
(9) Savex 158 records the time the delimber waits on the grapple
and bucker.
(10) Savex 159 records the total time required for the delimber to
process thé tree.
After printing the above information, the delimber simulation is
released by block 319 to similate processing of the next tree.

Bucker Simulation Subprogram

Step 1E. Blocks 342 through 3L9 assign savexes L1 through L8 the
value of parameters 1 through 8 for the tree transaction. This is
necessary because parameters will be changed for programming purposes in
this subprogram. Block 350 assigns parameter 2 logic values for pro-
gramming logic., If the tree height is 65 to 80 feet, a value of 10 is
assigned parameter 2., If the tree height is not 65 to 80 feet, a value
of 0 is assigned parameter 2. Trees 65 to 80 feet high require the rear

shear and the rear set of bucker discharge flips to be turned down.




55

This is necessary so the tree top and top bolt are flipped on the ground.
The harvester can nrocess only 50 feet of a tree. Trees over 65 feet
normally have a merchaﬁtéﬁie length over'Sb feet. The harvester camnot
process the short tops on 65 to 80 foot trees, but it can process the
remaining merchantable wood in the top if the last bolt is left on the
top. In view of this, the-harvéster is norﬁally recycled to process the
top bolt and the remaining wood in the top. For trees not 65 to 80 feet
long, the rear shear and rear set of discharge flips are turned up so the
top bolt is flipped into the conveyer and the top falls on the ground.
Blocks 351, 500, and 352 assign parameter 3 logic values to provide model
logic that determines if the rear shear and flips are changed for this
tree. The parameter 2 value for the previous tree is recorded in savex
50. The parameter 2 value of this tree is compared to that of the pre-
vious tree. 1If a change is required for this tree, parameter 3 is as-
signed a velue of 10 and if no change is required, psrameter 3 is as-
signed a value of 0. Block 501 records the clock time in savex 161. The
next steps (2E, 3E, LE, and 6E) are conducted simultaneously.

Step ZE. Block 36h simulates the time to return all discharging
flips except the rear bucker discharging flips.

Step 3E. Block 366 simulates the time to position the bucker
shears to allow for expansion during the simmltaneous shearing action.

Step LJE. Block 410 provides model logic based on the value as-
signed parameter 3 in step 1E. If repositioning of the rear shear is
required {parameter 3 equals 10), the transaction is routed to step SE.
If no change is required (parameter 3 equals 0), the transaction is

routed directly teo step 13E.
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Step SE.. Hock 363 simulates the time to reposition the rear
shear up or down.

Step 6E. Block LO9 provides model logic based on the value as-
signed parameter 3 in step 1E. The transaction is routed to step 7E if
repositioning of the rear set of discharging flips is not required
(parameter 3 equals 0). The transaction is routed to step 10E if re-
positioming of the rear set of discharging flips is required (parameter
3 equals 10).

Step 7E. Block 356 provides model logic based on the value as-
signed parameter 2 in step 1E. If the tree ia 65 to 80 feet high (para-
meter 2 equals 10), the transaction 1s routed to step 8E. If the tree
is not 65 to 80 feet high (parameter 2 equals 0), the transaction 1is
routed to step 9E.

Step 8E. Block 357 simulates the time to return the rear set of
bucker receiving flips.

Step 9E. Block 358 simulates the time to return the rear set
of bucker discharging flips.

Step 10E, Block 359 provides model logic based on the value as-
signed parameter 2 in step 1E. If the tree is 65 to 80 feet high (para-
meter 2 equals 10), the transaction is routed to step 11E. If the tree
is not 65 to 80 feet high (parameter 2 equals 0), the transaction is
routed to step 12E.

Step 11E. Hlock 360 simulates the time to return the bucker rear
set of discharge flips. Block 361 simmlates the time to rotate the rear
set of discharge flips down.

Step 12E. Hlock 362 simmlates the time to return the rear
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recelving flips and rotate the bucker discharge flips up.

Step 13E. Block 502 records clock time in savex 162. Block 367
holds the bucker and block 312 of step 3D holds the delimber discharge of
the tree for mutual availability. Block 503 records the clock time in
savex 163, Block 368 holds the bucker receliving flips for the delimber
discharging f1ips to discharge the tree (block 316 of step 3D). Block
369 simulates the time for the bucker receiving flips to flip the tree
into the bucker.

Step 14E. Hlock 371 holds the return of the delimber discharge
flips (block 317 of step 3D) for the bucker receiving flips to receive
the tree. Block 372 simulates the time for the shears to shear the tree
into bolts. The next steps (1SE and 16E) are performed simultaneously.

Step 15E. Block 37L sirmulates the time required to open the shears.

Step 16E. Block 375 simulates the time to return the bucker
receiving flips.

Step 17E. Block 504 records the clock time in savex 164. Block
377 holds the bucker discharge flips for the conveyer clearance (block
531 of step 7F) when it completes processing the previous tree. Conveyer
clearance is indicated by savex 180 being assigned a value of O at block
531 of step 7F as the previous tree is processed through the conveyer.
Block 505 records the clock time in savex 166. The next steps {18E and
19E) are simultaneously performed.

Step 18E. Block 380 simulates the time to flip the front aad
middle belts into the conveyer.,

Step 19E. Block L11 provides model logic based on the values

assigned parameter 2 in step 1E. If the tree is not 65 to 80 feet high
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(parameter 2 equals 0), the transaction is routed to step 20E., If the
tree is 65 to 80 feet high (parameter 2 equals 10), the transaction is
routed to step 21E,

Step 20E. Block 379 simulates the time for the rear set of dis-
charge flips to flip the rear tree bolt into the conveyer.

Step 21E, Block 381 simulates the time for the rear receiving
flips to flip the rear bolt and tree top on the ground,

Step 22E., Block 383 assigns savex 50 the value of parameter 2 for
reference in step 1E for the next tree when the logic value of parameter
3 is computed. Block 398, 399, L0O, LO1, L0O2, and LO3 reassign original
values to parameters 1, 2, 3, 6, 7, and 8. Block 506 records the clock
time in savex 506. Blocks 507, 509, and 51C compute operating data for
the bucker. BElock 511 prints out the bucker processing data in savexes
160 to 169 as follows:

(1) Savex 160 records the tree number.

(2) Savex 161 records the time when the bucker starts preparing
to process the next tree.

(3) Savex 162 records the time when tha bucker starts waiting on
the delimber.

(L) Savex 163 records the time when the delimber starts dis-
charging the tree into the bucker.

(5) Savex 16L records the time when the bucker starts waiting
on the conveyer.,

(6) Savex 165 records the actual operating time of the bucker.

(7) Savex 166 records the time when the bucker starts flipping

the bolts into the conveyer.
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(8) Savex 167 records the time when the bucker completes the
processing of the tree.

(9) Savex 168 records the time the bucker waits on the delimber
and conveyer,

(10) Savex 169 records the total time required for the bucker to
process the tree.

After printing the above information, the bucker simulation is
released by block 416 to simulate processing of the next tree.

Conveyer Simulation Subprogram

Step 1F. Block 532 sets savex 180 equal to 10 so that the bucker
cannot discharge the next tree into the conveyer while this tree is being
processed, Block 526 records the clock time in savex 171. The next steps
(°F, 3F, LF, SF, and 6F) are performed simultaneously.

Step 2F. Block L28 simulates the time to convey the top bolt to
the conveyer stop and block 429 simulates the time to stop the bolt.

Block 430 simulates the time to open the conveyer side gate. The rear
section of the conveyer (section above the storage grapple) is tilted to
the side so the bolts will fall off the conveyer when the side gate is
opened. Block 431 simulates the time for the bolt to fall out of the
conveyer and block 1,32 similates the time to close the conveyer side gate.

Step 3F. Block L33 delays conveying of the middle bolt to provide
the top bolt conveyer clearance.

Step UF. Block L3l simulates the time to convey the middle bolt
to the stop and block L35 simulates the time to stop the bolt. Block
L36 similates the time to open the conveyer side gate and block 437

slmilates the time for the middle bolt to fall out of the conveyer.
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Rock 438 simulates the time to close the conveyer side gate.

Step SF. Block 439 delays conveying of the bottom bolt for the
middle bolt conveyer clearance.

Step 6F. Block LLO simulates the time to convey the bottom bolt
to the conveyer stop and block LL1 simulates the time to stop the bottom
bolt. HBlock LL2 simulates the time to open the conveyer side gate and
block LL3 simulates the time for the bottom bolt to fall out of the
conveyer. Block Lil; sinmulates the time to ¢lose the conveyer side gate.

Step TF. Block 531 sets savex 180 equal to O to provide the
conveyer clearance for the bucker (block 377 of step 17E)} to start
flipping bolts into the conveyer. Block LI6 simulates the time to tilt
the conveyer rotatable section (section above the storage.grapple) to the
other side so as to provide even loading of the storage grapple. Block
527 records the ¢lock time in savex 172.

Step 8F. Hlocks 528 and 529 compute the cperating data for the
conveyer. BHlock 530 prints out the conveyer processing dats in savexes
170 to 179 as followss

(1) Savex 170 records the tree number.

{2) Savex 171 records the time when the conveyer starts processing
the tree.

(3) Savex 172 records the time when the conveyer completes
proceasing the tree.

(L) Savex 173 is not used to record data.

(5) Savex 17L is not used to record data.

(6) Savex 175 records the actual operating time of the conveyer.

(7) Savex 176 is not ansed to record data,
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(8) Savex 177 is not used to record data.
(9) Savex 178 is not used to record data.
{10) Savex 179 records the total time required for the conveyer
to process the tree.
After printing‘the above information, the conveyer simulation is
released by block 450 to simulate processing of the next tree.

Program Termination

The simlation model is designed to process 105 trees through
block 76 and then run for an additional 1,800_§1mnhation time units
(180 seconds) before terminating the simulation. Blocks 452, 453, LBL,
and 455 provide model termination control,

The purpose of this model 1s to determine the basic processing
time per tree relative to tree and forest characteristics. The basic
processing time is used by the economical model to compute the time
required to process a grapple load for the specific tree and forest
characteristics belng considered by the economic model. The economic
model determines the unloading time. The economic model then determines
the total harvester time per load from the sum of the unloading time and

the load processing time.
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CHAPTER VI
HARVESTER STMULATION MODEL EXPERIMENTATION AND RESULTS

A simulated small sample forest of 100 trees is developed for
simulated harvesting by the harvester model. Initial planting‘density,
survival rate, and tree size of the simulated forest are varied for
multiple harvester simulations by the harvester model. The results are
used to determine the harvester's processing time per harvestable tree
relative to various values of these tree and forest characteristics.

A simulated forest (100 trees) is developed by first randomly
identifying harvestable trees at .80, .75, .70, and .65 survival levels.
The defective trees and fatalities are increased progressively so that the
trees that are defective trees or fatalities, at a higher survival level,
are also defective trees or fatalities at the lower survival levels.
Additional harvestable trees are randomly identified as defective trees
or fatalities as survival decreases. The defective trees are estimated
to be 20 percent of the number of defective trees and fatalities. The
progressive method of increasing defective trees and fatalities is
necessary to maintain a common base on which to compare processing time
as survival decreases. The resulting simulated forest tree grade sequence
is presented in Table 1. One of these survival sequences (.80, .75, .70,
or .65), depending on survival level desired for a simulation run, is
coded in function 6 of the simulation model and used by block 8 of step 1

to assign tree grades to parameter 6 of each tree transaction.



Table 1. Simulated Sample Forest Tree Grade Sequence

Tree Tree Grade Relative Tree Tree Grade Relatiwve
Number to Survival Level Number to Survival Level
B0 .75 .70 .65 .80 .75 .70 .65
1 G G G G 26 G M M M
2 G G G G 27 G G ¢! a
3 M M M M 28 G G G G
L G G G G 29 G G G G
5 G G G G 30 G G G G
6 c C c c 31 G G G G
7 G G G G 32 G G G G
8 G G G G 33 G G G G
9 G ¢} G G 3k G G G G
10 G G G G 35 M M M M
11 G G G G 36 G G G G
12 G G G G 37 G G G G
13 G G G G 38 G G G G
1) G G ¢} M 39 c C c c
15 M M M M Lo M M M M
16 M M M M L1 G G M M
17 G G G G L2 M M M M
18 G M M M 43 G G ¢} t}
19 G G e} G inn G G G G
20 G G G G 15 G G G G
21 G. G G G L6 G G G G
22 G G G G 17 M M M M
23 G G G ¢} L8 G G G G
2l G G G G L9 G G M M
o G G G G 50 G G G G

G is a Harvestable Tree.
C is a Defective Tree.
M is a Tree Fatality
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Table 1, Simulated Sample Forest Tree Grade Sequence (Continued)

Tree Tree Grade Helatiwve Tree Tree Grade Relative
Number to Survival Lovel Number te Survival level
B0 W75 W70 W65 B0 .75 W70 W65
51 M M M M 76 G G G o
52 G G G G 77 M M M M
53 G G- G G 78 G G G G
54 4 MM M 79 G G G G
55 G G G G 8o G G G G
5 o C c c 81 G G G G
57 G G G G 82 G G G G
58 G G G M 83 G G G G
59 G G G G 8l G G G G
60 G G G G 85 M M M M
61 G G M M 86 G G G G
62 G G G G 87 M M M M
63 G G G G 88 G M M M
6l C o o c 89 G C c o
65 G G G G o0 G G G G
66 M M M M N G G C c
67 G G G G 92 G G G G
68 G G M M 93 G M M M
69 G ¢} G - M oL M M M M
70 G G o G 95 G G G G
7 M M M M 96 G a G M
72 G G G G 97 M M M M
73 G G G G 98 G G G G
(g G G G G 99 G G G G
75 G G G G 100 G G G G
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A 100 tree sample forest (initial planting quantity) or multiples
of 100 trees is necessary because the number of defective trees and
fatalities are integers for multiples of 100 trees (initial planting quan-
tity) at the survival levels considered. The simulsation is not designed
to handle fractions of trees. Only one random sample at specific survival
levels is used. Insignificant changes in harvestable tree processing time
is assumed to occur at different distributions of defective trees and
fatalities at specific survival levels. This assumption is based on the
fact that basicly the same processing movements are required at a specific
survival level and only the sequence of movements is changed by changes
in distribution at a specific survival level.

A set of harvester simulation rﬁns with the simulated forest is
rn with 5 inch D.B.H. trees. These runs are made for initial planting
dengities of 200 to 1,000 trees per acre. The trees are oriented in a
square pattern and the initial planting densities are changed in 100 trees
per acre increments. Simmlation runs are then made at 65, 70, 75, and 80
percent survival levels for each of the initial planting densities. The
processiﬁg time, per ‘harveatable tree for each simlation, is computed by
dividing the survival level into the simulation clock time (savex 172 for.
tree 100) when processing is completed on tree mmmber 100. This gives
the cycle time in tenths of seconds. The value of savex 172 for tree
mmber 100 must have 10 subtracted from it before the above division is
accomplished. This accounts for a 1 second delay by block 1 of step 1 to
insure model control. The resulting processing times are plotted for
each planting density as a function of survival. The graphs are projected
to .50 and 1.00 survival levels. The resulting processing times, relative
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to initial planting density and survival for S inch D.B.H. trees, are
presented in Table 2.

A set of harvester simulation runs is then made for 700 trees per
acre (initial planting density) for trees with 6, 7, 8, 9, and 10 inch
D.B.H.s at .80, .75, .70, and .65 survival levels. The results are used
as above to compute harvester processing time relative to D.B.H. and sur-
vival for initial planting density of 700 trees per acre. The processiﬁg
times per harvestable tree are interpolated to L and 12 inch D.B.H.s. The
résulting processing times are used to determine correctional values that
can be used to adjust the 5 inch D.B.H. processing.time (Table 2) to
account for different D.B.H.s in four survival ranges. The resulting
correctional time values are presented in Table 3.

It is assumed that these correctional time values can be used
uniformly for all planting densities. Simulation runs ét 200 to'1,000
trees per acre (initial planting densities) are made for 7.5 inch D.B.H.
at .75 survival,.10 inch D.B.H. at .75 survival, and 10 inch D.B.H. at
.65 survival to determine if large errors result by uniformly using the
correctional time values. The results are presented in Table L. Only
small errors result; therefore, the processing time (relative to initial
planting density and survival) for 5 inch D.B.H. trees (Table 2) and the
correctional time valués for other D.B.H.s (Table L) are used to summarize
the harvester processing time per harvestabhle tree for use by the
econamic model.

Preliminary economic analysis indicate optimal tree helghts are
not much over 65 feet. It is estimated that 65 foot high trees have a

50 foot merchantable stem below the 3 inch top diameter. The harvester
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Table 2. Harvester Processing Time (in Seconds) for 5 Inch Diameter
at Breast Height Harvestable Trees Relative to Planting

Density and Survivel

Survival

Per- Initial Planting Densities (Trees per Acre)

centages 200 300 LO0 500 600 700 800 900 1000
100 17.0 15.6 149 1L.5 1L.0 13.7 13.5 13.3 13.2
95 17.6 16.2 15.4 1L.9 1L 1kl 13.9  13.7 13.6
90 18.3 16.8 16.0 15.4 149 1h.6  1k.3 k.1 1309
85 19.0  17.4 16.5 15.9 15.4 15.0 14.7 4.5 14h.3
80 19.888 18.201 17.198 16.503 15.98L 15.585 15.289 15.020 1L.821
75 20.698 18.900 17.827 17.088 16.536 16.108 15.791 15.505 15.292
70 21.583 19.691 18.5L0 17.750 17.160 16.701 16.359 16.054 15.284
é5 22.612 20.600 19.371 18.523 17.886 17.395 17.023 16.697 16.LL6
60 23.9 21.7 20.3 19.L 18.6 18.1 17.7 17.Lh 17.1
55 25.h 23.0 2t.h 20.5 19.6 19.1 18.7 18.3 18.0
50 27.2 2L4.5 22.6 21.7 20.6 20.1 19.6 19.2 18.9
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Table 3. Harvester Processing Time Correctional Time Values (in seconds)
Relative to Diameter at Breast Height

Survival Raenges

Equal to or Equal to or
Greater than Greater than Equal to and
Less than .675 and Less .725 and Less Greater than

D.B.H. 675 than .725 than .775 .775
L -0.350L -0.343 -0.333 -0.325
5 +0.000 +0.000 +0.000 +0.000
6 +0.35L +3.343 +0.333 +0.325
7 +0.817 +0.795 +0.775 +0.758
8 +1.179 +1.145 +1.115 +1.089
9 +1.539 +1.493 +1.453 +1.119
10 +2.433 +2.369 +2.313 +2.265
11 +3.327 +3.2L5 +3.173 +3.111

12 +1.221 +4.121 +4.033 +3.957
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Table L;. Harvester Processing Times Determined by Simulation Model
versus Processing Times Computed with Correctional Time

Values
Processing Time  Processing Time Error
(Seconds per {Seconds per (Seconds
Initial Planting Harvestable Tree) Harvestable Tree) per
Densities Based on Based on Correctional Harvestable
(Trees per Acre) Simulation Model Time Values Tree)
7.5 Inch D.B.H. and .75 Swrvival
200 21.586 21.643 .157
300 19.789 19.845 ‘ .056
Loo 18.717 18.772 .055
500 17.979 18.033 .05h
600 17.4h27 17.481 .0l
700 16.999 17.053 .05}
800 16.681 16.736 .055
900 16.396 16.450 .05l
1000 16.183 16.237 .Q5h
10 Inch D.B.H. and .75 Survival
200 23.012 23.011 .0
300 21.212 21.213 001
400 20.140 20.140 .001
500 19.401 19.401 .000
600 18.849 18.8Lh9 .000
700 18.521 18.1421 . 000
800 18.104L 18.10L .000
900 17.819 17.818 . 001
1000 17.605 17.605 .000
- 10 Inch D.B.H. and .65 Survival
200 25.00; 25.045 . 001
300 23.031 23.033 .002
500 21.803 21.804 .001
500 20.955 20.956 .001
600 20.318 20.319 .0
700 15.828 19.828 .000
800 19.455 19.45% .001
500 19.125 19.130 .005

1000 18.878 18.879 . 001
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can harvest 50 feet of a tree in a single processing sequence. The
harvester must be recycled to harvest more than 50 feet of the tree on
trees higher than 65 feet which have merchantable stems longer than 50
feet. For trees slightly higher than 65 feet, little volume is lost in
the top above 50 feet and it is not economical to recycle the harvester
for this small vclume of wood. In view of this, the harvester simulation
model is programmed to harvest only 50 feet of the merchantable stem on
trees over 65 feet high. The volume lost is accounted for in the
economic medel. In addition, the harvester processing time is not con-
sidered to be affected by tree height if the harvester is not recycled.

It is also necessary to determine the time required to process
the last tree of & load. The hydraulic suspension system alerts the
operator when 13,000 pounds of wood is supported by the harvester. After
being alerted, he starts positioning the harvester to unload the load.
While the operator is pesitioning the harvester, the last tree is auto-
matically béing processed by the harvester. The economic model computes
the load processing time from the number of trees per load and the pro-
cessing time per tree as determined by this harvester simmlation. The
economic model also determines the unloading time. The economic model
then computes the total harvester operating time, per load, as a sum of
the load processing time and the unloading time. Since the last tree is
processed during the unloading time, the processing time on the last tree
of the load, after the shear raising, is subtracted from the above sum
to determine the correct harvester ocperating time per load.

The time (in tenths of seconds) required to process the last tree

is the difference between savexes 123 and 172 for tree number 106. Savex
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123 is the clock time when the raising of the shear is complete.

Savex 172 is the clock time when the conveyer completes processing a
tree. Diameter is the only characteristic that affects this time.

The processing times are computed for D.B.H. values of 5 to 10 inches
(in 1 inch increments) and interpolated to 4 and 12 inches. The results

are presented in Table 5. These data are used in the economic model.




Tgble 5. Time Reguired to Complete Processing of the Last Tree
in a Load versus Diameter at Breast Height

D.B.H. Time Required to Complete Processing
(Inches) of the Last Tree in a Load (Seconds)

L 28.2

5 28.2

6 28.2

7 28.2

8 29.3

9 29.7

10 30.2

11 30.73

12 .32

12
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CHAPTER VIT

FOREST GROWTH MODEL

Discussion of the Forest Growth Model

The design of pulpwood harvesting machines and the characteristics
of trees and forest being harvester should be highly compatible with
each other, Tree and forest characteristics are determined by forest
planning and management policies. A forest growth simlation model is
developed to determine tree and forest characteristics at harvesting time
relative to forest -planning and management alternatives. The tree char-
acteristics considered are tree height, D.B.H., weight, and volume. The
forest characteristics considered are the forest yield and tree distri-
bution as determined by initial planting densitlies and survival rates.
Forest planning determines the initial planting density and the site in-
dex of the land con which the trees are planted. Forest management de-
termines the age at which the forest is harvested. The results of the
forest growth model and the harvester simulation model are used by the
economic model to economically evaluate the machine design in conjunction
with forest planning and management altermatives.

The forest growth model is based on tree growth regression equa-
tions developed by Bennett, McGee, and Clutter (16) and tree growth sup-
pression data developed by Nelson, Lotti, Brender, and Trousdell (17).
The regression equations were developed from tree growth observed on old-

field slash pine plantations in the Georgia Costal Plain and the Carolina
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Sandhills. The forest planning and management related to these data are
considered representative of future forest planning and management. The
regression equations are developed from data gathered from 308 plots as
described in Table 6,

A major problem was encountered due to the low ages of the sample
plots. The regression equations do not adequately account for growth
suppression that occurs at higher tree ages when the trees start saturat-
ing the land. The most waluable data relative to growth suppression are
found in a technical paper by Nelson, Lotti, Brender, and Trousdell (17)

on volume growth in natural loblolly pine stands. This work identifies

the square feet of basal area per acre for full stocking relative to
D.B.H. and the basal areas for optimal growth rates relative to site
index. After a review of the data presented by Nelson, Lotti, Brender,
and Trousdell (17), it is assumed that growth suppression begins at
the basal areas identified at the maximum growth rates,

The data on natural loblolly pine stands are used to estimate the
basal area (relative to D.B.H. and site index) where growth suppression
starts. These data are also used to estimate the growth rates subsequent

to suppression initiation.

Development of the Forest Growth Model

The forest growth model is programmed in DYNAMO computer language
(12). This language is used because of its adaptability for dynamic feed-
back systems in business, economics, or engineering and its ability to
translate mathematical models into tabulated and plotted results.

The econcmic model requires extensive data from the forest growth
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Table 6. Distribution of Sample Plots by Age and Site Index (Age 25)

Age Site Index -
Class ~ 30 Lo 50 60 70 80 Total
10 - 2 2 27 12 2 L5
13 - 2 22 27 3 59
16 2 1 L L9 L7 6 109
19 - 1 10 31 36 1 79
22 - 2 1 9 - - 12
plt - - 1 1 1 - 3
28 - - - - 1 . :
TOTAL 2 8 23 139 12h 12 308
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model. Also, the forest growth model is closely related to the econcmic
model in that both have the same time base. In view of this, the forest
growth model and the economic model are prograrmed as two sections of a
joint model and run simultaneously.

The forest growth model consists of 12 subprograms mumbered 1
through 12. The forest growth simulation model and sample printout are
contained in Appendix III. The purpose of each subprogram is as
follows:

(1) Subprogram 1 assigns values to computational constants.

(2) Subprogram 2 computes time varisbles used in the model.

(3) Subprogram 3 computes the tree D.B.H.

(L) Subprogram L computes the tree height.

(5) Subprogram 5 computes tree survival rates.

(6) Subprogram 6 computes tree basal areas per acre.

(7) Subprogram 7 computes the basal area for the next year when
growth suppression occurs.

(8) Subprogram 8 computes the D.B.H. suppression factor when
growth suppression occurs.

(9) Subprogram 9 computes the basal area value at which growth

suppression occurs.

(10) Subprogram 10 computes the basal area increase during the
next camputational interval relative to the basal area increase during
the past computational interval when growth suppression occurs.

{(11) Subprogram 11 computes the unsuppressed basal area at the
next computational instant.

(12) Subprogram 12 computes the yield per acre.
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Development of each of the forest growth model subprograms is

discussed in detail.

Subprogram 1

Certain computational constants are used in many applications in
the forest prowth model and the economic model. These constants are
assigned values by this subprogram.

Computational constants X and P are assigned a value of 1. SITEI
is assigned the value of the land site index, based on 25 years, for
specific model runs. Computational constant P is used in converting

natural logarithms to common logarithms and it is assigned a2 value of

1/2.3025851.

Subprogram 2

The tree growth model and the economic model are based on time.

The tree and forest characteristics are computed at 1 year increments from
planting time to LO years.

The model's basic time variable is N. The variable N is initially
set equal to O and then increased by 1 hetween each computational instaﬁt.
Most model time calculations are based on the variable AGE. AGE is equal
to 1 when N is less than 1 or AGE is equal to N when N is equal to 1 or
more. AGE is not allowed to be less than 1 because it is used as the
divisor in several equations. The computations for N and AGE are
summarized below:

1L N.K=N.J+(DT) (+NR-O)
C NR=1

6 N=0
74 N1.K=P+N.K
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N1.K
NC

NX.X

AGE K
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514 NC.K=CLIP(+0,1,N.K,+1)

TA
6A

NX.K=N.EK+NC.X
AGE.K=NX.X

Value of N for Current Computational Instant

Value of N for Previous Computationzl Instant

Time Increment Value (NR equals one year for this
model. )

Value of N at Next Computational Instant

CLIP Function (NC equals 1 when N.K is less than 1 or
NC equals O when N.X is 1 or greater.)

N.K or 1 (NX.XK equals 1 when N.K is 1 or greater or
NX.K equals 1 when N.K is less than 1.}

Tree Age at Current Computational Instant

The inverse of AGE is used in the rate of return cmuputations in

the economic model.

The inverse of AGE is identified as NIV and camputed

by the following equation:

NIV.X
P

MX.K

204 NIV.K=P/NX.K

Inverse of AGE :

1 (P is a computational constant established by
subprogram 1.)

N.K or 1

Many computations in the model are computed during the current

camputational instant for the next camputational instant. 'XAGE is

identified as the time variable for computations for the next

} computational instant. XAGE is computed as follows:

XAGE.X
AGE .X

Subprogram 3

TA

XAGE .K=AGE .K+P

Tree Age at Wext Computational Instant

Tree Age at Current Computational Instant

1 (P is a computational constant established by
subprogram 1.)

Prior to growth suppression, D.B.H. is a function of tree age,
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site index of the land, and surviving trees per acre. The regression

equation (16) for unsuppressed D.B.H (DBHT) is as follows:
LogDBHT=0.650712+0.000219{AGE) (SITEI ) -0. 23151} (TogXSTAF ) +0. 314215(LogSITEI)
‘The unsuppressed D.B.H. (DBHT) is computed as follows:

12A DEHA1.K=(AGE.K)(SITEI.K)

124 DBHA.K=(0.000219) (DBHA1.K)

294 DBHB1 .K=(F.K)LOGN (XSTAF .K)

12A DBEHB.X=(0.2354);) (DBHB1.X)

29A DBHC?.X=(F.K)LOGN (SITEI.K)

124 DBHC.K=(0.314215) (DEHC1.X)

974  DEHL.K=+0.650712+DBHA .K~DBHB. K+DBHC . K
124 DBHL1.K=(2.3025851) (DRHL.K)

28A DBYT.K=(X.K)EXP(DEHL1.K)

DPEHA1.X = Computational Factor for DBHA.K

AGE.XK = Tree Age (AGE.K is computed by subprogram 2.)

SITEI.XK = Site Index of the Land (Value of SITEI.K is assigned
by subprogram 1.)

DEHA.K = Second Term of Regression Equation

DEHB1.X = Computational Factor for DBHB.K

F.X = 1 (F.K is a computational constant established by
subprogram 1.)

XSTAF.K = Surviving Trees per Acre (Value is computed by
subprogram 5.)

DEHB.K = Third Term of Regression Equation

DRIC1.X = Computational Factor for DBHC.K

DBHL.K = Common Logarithm of DEBHT

DBHL1.K = Natural Logarithm of DBHT

X.X = 1 (X.X is a computational constant established by
subprogram 1.)

DBHT.K = TUnsuppressed D.B.H. at Current Computational Instant

The varisble DBHT does not account for growth suppression. A
D.B.H. suppression factor (BASLL) is used to account for growth sup-
pression. The product of BASLY Iand DBHT is used to compute DBH. DEH
is the value used for all computations requiring the D.B.H. value for

current computational instants. DBH is computed by the following

equati on:
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DBH.K =
BASLL.K =

DBHT.K =

Subprogram 4
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DBH . K=(BASLY . k) (DBIT .K)

D.B.H. Value for Current Computational Instant
D.B.H. Suppression Factor (BASIL.K is computed by
subprogram 8, and it is equal to 1 when suppression
does not occur.)

Unsuppressed D.B.H. at Current Computational Instant

The tree height is & function of tree age and site index of the

land. The regression equation (16) for tree height is presented

below:

LogHGH=LogSITEI+5.40638 (-}5 B Af;E)

The tree height (HGH) is computed as follows:

6A
20A
20A
TA
12A
TA
124
28A

DEHB.K =

HoHA2.X
HGHA3.X
HGHA1.K
HGHA.K
AGE K
HGHL.X
HGHL1.K
X.K

HGH.X

Subprogram 5

HGHB. K=DBHC1.K
HGHA2.K=1/25
HGHA3.K=1/AGE.K

HGHA1 . K=HCGHAZ .K-HGHA3.K
HGHA .K=(5.1;0638) (HGHA1.K)
HGHL.X=HGHB. K+HGHA .K

HGHL1 . K=(2.3025851) (HGHL .K)
HGH . K=(X .K)EXP(HGHL1 .X) -

First Termm of Regression Equation (DBHB.K is equasl to
DEHC1.K which is computed in subprogram 3.)
Computational Term for HGHA1

Computational Term for HGHA?

Computational Factor for HGHA.K

Second Term of Regression Equation

Tree Age (AGE.K is computed by subprogram 2.)
Common Logarithm of Tree Height

Natural Logarithm of Tree Height

1 (X.K is a computational constent established by
subprogram 1.)

Tree Height at Current Computational Instant

This subprogram estimates tree survival. Limited information is _
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available that provides guidance on survival. Therefore, the following

equation was developed to estimate the harvestable surviving trees per

acre at yearly increments after planting.

52L HSTPA.K=HSTPA.J+(DT) (RTPA.JK-INMR .JK-AMR .JK-MORT1.JK)

HSTPA.K

HSTPA.J
RTPA.JK

INMR.JK

AMR.JK

it

MORT1 .JK=

Harvestable Surviving Trees per Acre for Current
Computational Instant (The initial value of HSTPA is
set at 200.)

Harvestable Surviving Trees per Acre for Prior
Computational Instant

Correctional Term (RTPA accounts for changes in initial
planting densities during model reruns.)
Correctional Term (INMR accounts for planting
casualties per acre.)

Annual Casualty Rate Between the Prior and Current
Computational Instants

Anmual Miscellaneous Casualty Rate Between the Prior
and Current Computational Instants

The initial planting density (TPA) is assigned a value of 200 trees

per acre for the initial simulation run in a2 group of simulation reruns.

The initial value of HSTPA is assigned a corresponding value of 200. TPA

is changed to account for different planting densities on simulation re-

runs (HSTPA is not changed on reruns) and RTPA is a correctional temm

that automatically corrects HSTPA to account for a change in TPA. Com-

putations for RTPA are summarized as follows:

TPA
TPA2.K
TPA1.K

RTPA.KL

N.X

7A
514
S51R

TPA=200 .

TPA2 . K=TPA-200

TPA1 .K=CLIP(TPA2.K,O,N.K,1 o)
RTPA .KL=CLIP(0.0,TPAI .X,N.K, 2.0)

Initial Planting Density in Trees per Acre
Correctional Term Value

CLIP Function

CLIP Function (The two CLIP functions work together to
apply the planting density correctional factor during
the third computational instant.)

Years Since Planting at Current Computational Instant
(N.K is computed by subprogram 2.)
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It is necessary that the harvestable surviving trees per acre
(HSTPA) be corrected to account for planting casualties. The correctional

term for planting casualties (INRM) is computed as follows:

7A  INMP.K=1.0-INSUP
C  INSUP=0.88

124 TINMN.K=(TPA) (INMP.K)

514 INMN1.K=CLIP(INMN.K,O,N.K,1.0)
51R  INMR.KL=CLIP(O.0,INMN1.K,N.K,2.0)

INSUP = Planting Survival Rate (This is estimated at 88
percent. )

DIMP.K = Percentage of Trees That are Planting Casualties

INMN.K = Planting Casualties per Acre

INMN1.K = CLIP Function

INMR.KL = CLIP Function (The two CLIP functions work together to
apply the planting casualty correctional factor during
the third computational instant.)

N.K = Years Since Planting at Current Computational Instant

(N.X is computed by subprogram 2.)
TPA = TInitial Planting Density in Trees per Acre
The anmal casualty rate (AMR) is estimated by the following

equation:

73R AMR.KL=(HSTPA.K) (BASA3.K)(AMPC)

HSTPA.K = Harvestable Surviving Trees per Acre
BASA3.K = Basal Area Percent of Full Stocking (BASA3 is computed

by subprogram 10.)

AMPC = Basic Annual Casualty Rate (AMPC is estimated at 1.2

percent.)

The miscellaneous anmmal casualty rate (MORT1) is used to account
for effects on harvestable tree casualties such as vex'y dry periocds,
insect infestation, and disease infestation. This term is added to give
the model flexibility. It is sssigned O values for this simulation.

MORT1 is computed as follows:
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12A MORT1.KL=(MORT2.K) (HSTPA.K)
S9A MORT2.K=TABLE(MORT3,N.K,0,L0,L0)
C MORT 33#=0/0

MORT1.KL= Arnual Miscellaneous Casualties per Acre

" MORT2.K =  Annual Miscellaneous Casualty Percentage
MORT3# =  Annual Miscellaneous Casualty Percentage for Each Year
HSTPA.K = Harvestable Surviving Trees per Acre for Current
Computational Instant
N.X = Years Since Planting at Current Computational Instant

(N.X is computed by subprogram 2.)

Basal area and D.B.H. computations are based on the number of
defective and harvestable trees on an acre. Defective trees are estimated
to be 20 percent of.the casualties. The total number of harvestable and
defective trees per acre (XSTAF) is computed by the following equations:

144 XSTAF.K=HSTPA.K+(MORT.K) (0.2)
52L MORT.X=MORT.J+{DT ) (INMR.JK+AMR .JK+MORT1.JK+0.0)

XSTAF.K = Harvestable Trees and Defective Trees per Acre at
Current Computational Instant
HSTPA.K = Surviving Harvestable Trees per Acre at Current
Computational Instant
MORT.K = Cummulative Casualties at Current Computational Instant
(MORT includes defectives and fatalities, and defect-
ive trees are estimated at 20 percent of the casualties.)
MRT.J = Cummlative Casualties at Prior Computational Instant
INMR.JK = Correctional Term (INMR accounts for trees per acre
that are planting casualties.)
-AMR.JK = Anmual Casualty Rate Between the Prior and Current

Computational Instants
MORT1.JK=  Anmual Miscellaneous Casualty Rate Between the Prior
and Current Computational Instants
Subprogram 11 computes the unsuppressed basal area (BAXAS) for the’
next computational instant (year N+1). The number of harvestable and
defective trees (XSTPA) at the next computational instant must be esti-
mated. In order to compute XSTPA, it is assumed that the change in

defective and harvestable trees is the same Between the current and next
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computational instants as it 1s between the prior and current computational

instants. The computations for estimating XSTPA are summarized as

follows:

6A
37B

STPA1+#1
STPA1.K
STPAT1#2

STPA1#
XSTAF. K

STPAG.K

ISTPALK

C
TA
514
7A

.K

K

STPA1#] . K=XSTAF. K
STPA1.K=BOXLIN(2,1)

STPA1#=1/1
STPA2.K=STAF.K-STPA1#2.K

STPA6 . K=CLIP(STPA2.K,0.0,N.K,3.0)
XSTPA ,K=XSTAF .K+STPAG K

Helps STPA1.K and STPA1#2.K Delay XSTAF.K Values 1
Computational Interwal

Helps STPA#1.K and STPA1%#2.K Delay XSTAF.K Values 1
Computational Interval

Surviving Harvestable and Defective Trees per Acre at
Prior Computational Instant

Initial Values of STPA1.K

Surviving Harvestable and Defective Trees per Acre at
Current Computational Instant

CLIP Punction (CLIP function does not allow feedback
of STPA2 values until fourth computational instant to
allow model stabilization.)

Estimated Harvestable and Defective Trees at Next
Computational Instant

The harvestable surviving tree percentage (SURP) of initial

planting density is computed by the following equation:

SURP.K

20A

=

HSTPAXK =

TPA

Sulgg. rogram 6

SURP. K=HSTPA. K/TPA

Harvestable Surviving Tree Percentage of Imitial
Planting Density at Current Computational Instant
Surviving Harvestable Trees per Acre at Current
Computational Instant '
Initial Planting Denalty ln Trees per Acre

" Basal area is the square feet of tree cross section at breast

height. Basal area per acre is used to eatimate when growth suppression

occurs. The basal area per acre (BASAS) is computed as follows:
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13A BASAT.K-(3.1LL15927)(DBH.K)(DBH.K)
20A BASAF,K=BASAT.K/L
LhA BASAS,.K=(BASAF.K) (XSTAF.K)/1LL

DEH.K = Tree Diameter at Breast Height at Current Computational
Instant (DBH is computed by subprogram 3.)

BASAT.K = Computational Factor for BASAF

BASAF.XK = Cross Sectional Area of Individual Trees (BASAF is in
square inches.)

XSTAF.K = Surviving Harvestable and Defective Trees per Acre at
Current Computational Instant (XSTAF is computed by
subprogram 5.}

BASAS.K = Basal Area per Acre {BASAS is in square feet,)

Subprogram 7

When growth suppression ls necessary, the D.B.H. growth is sup-
pressed, Basal area is directly relsted to D.B.H. and tree density.
During growth suppression the basal area increases, between the current
and next computational instants, are assumed less than the increase be-
tween the prior and current computational instants. Subprogram 10 deter-
mines a factor (BASAL) that estimates the basal area increase between the
current and next computational lnstants relative to the increase from the
prior to the current camputational instants. This subprogram estinia.tes
the basal area {BAXA3) at the next computational instant. Computations
for the BASAS are summarized below:

6A  BASA1%1.K=BASAS.K

37B BASA1.K=BOXLIN(2,1)

c BASA1%=1/0

TA  BASD2.K=BASAS.K-BASA1#2.K

12A BAXA?,.K=(BASAL.K) (BASD2.K)
7A  BAXA3,X=BASAS.K+BAXA2.K

BASAY41,K = Helps BASA1.K and BASA1#2.K Delay BASAS.K Values 1
Computational Interval

BASAT.K = Helps BASA1I# .K and BASA1%2.K Delay BASAS.K Values 1
Computational Interval

BASAT1%#2,X = Basal Area per Acre at Prior Computational Instant

BASAT#* = Initial Values for BASA1.K
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BASAS.K = Basal Area per Acre for Current Computational Instant
{BASAS.K is computed by subprogram &.)

BASD2.K = Change in Basal Area Between the Prior and Current
Computational Imstants _

BASAL.K = Basal Area Suppression Factor (BASAL is computed by
subprcgram 10.)

BASA3.K = Estimated Basal Area at Next Computational Instant

Subprogram 8

This subprogram computes the D.B.H. suppression factor (BASLL).
Prior to growth suppression, the tree D.B.H. is equal to the D.B.H. re;
gression equétion in subprogram 3. When growth suppression occurs, the
results of the regression equation is suppressed by BASLL in subprogram
3.

Subprogram 11 computes the basal area (BAXAS) that results from
an unsuppressed D.B.H. at the next computational instant. Subprogram 7
computes the suppressed basal area (BAXA3) at the next computational
instant. The D.B.H. suppression factor (BASLL) is assigned a value to
suppress the D.B.H. regression equation results so that the basal area
at the next computational instant is equal to the BAXA3 value instead of
the BAXAS value. The BASLL value is delayed 1 computational interval
before it is used by subprogram 3. |

Subprogram 9 computes the basal area (BASAS) at which growth sup-
pression starts. Subprogram 6 computes the resulting basal area (BASAS)
at the current computational instant. Subprogram 10 computes the ratio
(BASA3) of the current basal area (BASAS) to the basal area (BASAS) at
which suppression starts. When BASA3 is less than 1, BASLL is equal 1;
and when BASA3 exceeds 1, BASLL is assigned values ﬁo.ﬁrovide'the sup-

pressed basal area (BAXAB). Computations for BASLL are summarized




as follows:

204
514
304
D14
64

37B

C

6A

BAXAL.K
BAXA3.K
BAXAS.K
BAXAG.X

BASL3.K
BASLS.K

BASA3.X

BASLG

BASLA.K

BASL6%2.

BASL&*
BASLK.XK

Subprogram 9

1l [}

o

I}

K=

=

K=
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BAXAL.K=BAXA3.K/BAXAS.K

BAXAS . K=CLIP(BAXAL.K,0.000001,BAXAL.K,O. 000001)
BASL3. K—(T)SQRT(BAXAé K)
BASLS.X=CLIP(BASL3.X,1.0,BASA3.K,1.0)

RASLE#1 ,K=BASLS.K

BASLG .K=BOXLIN(2,1)

BASL6%=1/1

BASLL.K=BASL&*2.K

Ratic of Suppressed Basal Area to Unsuppressed Basal
Area at the Next Computational Instant

Suppressed Basal Area at the Next Computaticnal Instant
(BAXA3 is computed by subprogram 7.)

Unsuppressed Basal Area at the Next Computational
Instant (BAXAS is computed by subprogram 11.)

CLIP Function (BAXA6.K holds BAXAL.K values positive.)
D.B.H. Suppression Value

CLIP Function (BASLS.K is assigned the value of
BASL3.K when BASA3.X is assigned a value of 1 when
BASA3.X is less than 1.)

Ratio of Current Basal Area to Basal Area Value at
Which Suppression Starts (BASA3 is computed by
subprogram 10.)

Helps BASL6.K and BASL6%2.K Delay BASLS.K Values 1
Computational Interval

Helps BASL6*1.K and BASL&#2.K Delay BASLS.K Values 1
Computational Interval

BASL5.K Value at Prior Computational Instant

Initial Values of BASL6.K

D.B.H. Suppression Factor

The regression eguations for tree growth characteristics, developed

by Bennett, McGee, and Clutter (16), do not adequately account for growth

suppression at the higher ages. The age distribution for the sample plots

(Table 6) indicate that the regression equations are based on data of

which 95 percent is from plots less than 20.5 years old. Tree growth

suppression, at planting densities considered, normally occurs at ages

greater than 20.5 years.
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The only usable data on growth suppression is found in a technical
paper on volume growth in natural loblolly pine stands by Nelson, Lotti,
Brender, and Trousdell (17). This work identifies the square feet of
basal area per acre for full stocking relative to D.B.H. and the basal
area at maximum growth rates relative to site index.

_ The full stocking basal areas per acre relative to D.B.H. is pre-
sented in Table 7.  The following equation for full stocking relative to

D.B.H. was developed to represent the data in Table 7.
. 3.73 - L.5
Full Stocking=133+3(D.B.H.)-(12/(0.B.H.+{4/D.B.H.})) -(D.B.H./11.)

The results of this equation are also presemted in Table 7 for a
comparison of values.

The full stocking equation is programmed as follows:

124 BASS1.X=(3.0) (DBH.K)

27A BASS2.K=(l,.0/DEH.K)+DBH.X

204 BASS3.K=12/BASS2.K

29A BASSk.K=(3.73)LOGN{BASS3.K)

284 BASS5.K(1.0)EXP(BASSL.K)

20A BASS6.X=DBH.K/11

294 BASST7.K=(4.5)I0GN (BASS6.K)

284 BASS8.K=(1)EXP(BASST.K)

9A  BASS9.K=133+BASS1.K-BASS5.K-BASSS.K

DBH.K = Diameter at Breast Height at Current Computational
Instant (DBH.K is computed by subprogram 3.)

BASS1.K = Second Term of Full Stocking Equation

BASS2.K = Computational Factor for BASS3.K

BASS3.K = Computational Factor for BASSL.K

BASSL.K = Computational Factor for BASSS.X

BASS5.X = Third Term of Full Stocking Equation

BASS6.K = Computational Factor for BASST7.K

BASS7.K = Computational Factor for BASS8.X

BASS8.K = Fourth Term of Full Stocking Equation

BASS9.K = Full Stocking Basal Area Relative to D.B.H.

The above data and equations identify full stocking relative to
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Table 7. Basal Area at Full Stocking versus
Diameter at Breast Height
Diameter Basal Area Basal Area
at Breast (in Square Feet) (in Square Feet)
Height in per Acre by per Acre by Full
Inches Reference (17) Stocking Equation
L 119 119
6 140 1.9
8 153 153.13
10 161 160.65
12 167 166.63
14 172 171.50
16 175 175.28
Table 8. Growth Suppression Relative to
Site Index and Full Stocking
Basal Area (Square
Feet per Acre) at
which Growth Sup-
. presgion is Inti-
ated (10 Inch Full
D.B.H.) Stocking Percent of
Plantation | Basal Area Foll
Stand (30 (Square Feet | Stocking
Site Site Percent In- | per Acre) at Which
Index Index Natural] crease Over | at 10 Inch Suppression
(50 year) | (25 year)|Stand |Natural) D.B.H. Initiates
100 78 145 188 161 117
S0 70 130 169 161 105
80 62.5 118 153 161 95
70 5h.5 105 137 161 85
60 L6.5 90 117 161 73
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D.B.H. It is now necessary to determine at what percentage of full
stocking growth suppression starts. WNelson, Iotti, Brender, and
Trousdell (17) presented anmial volume growth for various site indices
and basal areas per acre. These data are used to identify the basal
area per acre related to maximum volume growth, at 30 years, for
various site indices. The basal area at maximm volume gfgﬁéﬁ?is
presented in Table 8 as a function of site index.

The above data are based on 50 year site indices. The growth
model is based on 25 year site indices. The two site indices are
correlated by the height regression equation in subprogram L. Equivalent
25 year and 50 year site indices are presented in Table 8.

Growth suppression is assumed to he the major cause of the reduced
growth rate as the basal area becomes greater than the values (related to
maximm growth rates) in Table 8. Therefore, growth suppression is as-
sumed to start at basal areas that produce the maximum growth rate.

In order to determine at what percent of full stocking suppression
occurs, it is necessary to identify the D.B.H. values related to optimal
growth rates because the full stocking basal areas are relaféd to D.B.H.
The maximum growth rate data for 90 foot site index (130 square feet of
basal area per acre at 30 years) are chosen as base data to. relate the
basal area at maximum growth rate and full stocking. Based on interpo-~

lated data from Table 22 of the Forestry Handbook by Forbes (18), it is

estimated that 10 inch D.B.H. trees would be grown on a 90 foot site with
130 square feet of basal area per acre at 30 years. According to Table
7, the full stocking basal area for 10 inch D.B.H. trees is 161 square

feet of basal area per acre.
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The data presented by Nelson, Lotti, Brender, Trousdell (17), and
Forbes (18) are based on natural stands. Millar (14) reports that most
of the important softwood and hardwood species in the United States are
intolerant of shade which means they grow best in stands of approximately
the same age. Dyck (1) reports that properly planned and managed forests
can produce productivity increases of over 30 percent. Millar's and
Dyck's statements are interpreted to mean that gecmetrically oriented,
even-aged forest stands have productivity approximately 30 percent
greater than related natural stands. In view of this, it is assumed that
the basal area related to optimal growths in forest plantations is approx-
imately 30 percent higher than related basal areas in natural stands.
Therefore, the basal areas related to optimal anmual growth for natural
stands is increased by 30 percent to account for improved growing condi-
tions related to plantation forest stands. The resulting increased
basal areas are presented in Table 8.

The increased basal area for plantation forest stands, at 90 foot
site index, is compared to the full stocking basal area for the 10 inch
D.B.H. to determine the percent of full stocking at which suppression is
initiated. It is assumed that the maximum growth basal areas st other
site indices are similarly related to full stocking at 10 inch D.B.H.
values. The percent of full stocking for 10 inch D.B.H. at which sup-
pression is initiated is computed for other site indices and presented
in Table 8.

The percentages of full stocking, in Table 8, are plotted relative
to 25 year site indices. This data closely fits a streight line between

65 percent for site index 4O and 120 percent for site index 80. It is
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assumed that these percentages can be applied to full stocking at other
D.B.H.s.

The above data are used to determine the basal area (BASAS) at
which growth suppression starts relative to site index and D.B.H. Com-
putation of BASA5 is summarized as follows:

594 BAS10.K=TABLE{BAS11,SITEI,L0,80,L40)

c BAS114#=0.65/1.20
124 BASA5.K=(BASSY.K) (BAS10.K)}

BAS10.K = Percent of Full Stocking at Which Growth Suppression
Is Initiated

BAS11% =  Table Values for BAS10.K

SITEI = Site Index of Land (SITEI is assigned values by
subprogram 1.)

BASS9.K = DBasal Area Relative to D.B.H. at Full Stocking
(BASS9.K is in square feet per acre.)

BASAS.K = Basal Area st Which Growth Suppression Is Initiated

(BASAS is in square feet per acre.)

Subprogram 10

This subprogram determines the degree that growth will be sup-
pressed between the current and next computational instants as compared
to the growth between the prior and current computational instants.

Growth suppression is assumed to result from trees competing for
growing space and nutrients. As the trees grow larger, their require-
ments increase while the growing space and nutrients remain constant.
In view of this, it is assumed that suppression begins at a zero value
and progressively increases until growth ceases.

Projections of basal area versus growth data (17) indicates that
basal area growth is completely suppressed at approximately 150 percent
of the basal area at which suppression is initiated.

Therefore, it is expected that the slope of the basal area versus
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age curve will progressively decrease from the slope of the curve where
suppression is initiated. As age further increases, the curve should
asymptotically approach zero slope at approximately 150 percent of the
basal area wvalue at which growth suppression is initiated.

Subprogram 7 computes the basal area at the next computational
instant‘when growth suppression occurs. The suppressed basal area
(BASA3) is determined by requiring the basal area increase between cur-
rent and next computational instants to be a percentage (BASAL) of the
besal ares increase between the prior and current computational instants.
The basal area suppression factor (BASAL) 1s assigned values so that
growth is suppressed as described above (progressively decreasing slope
when suppression is initiated and asymptotically approaching zerc slope
at approximately 150 percent of the value of basal area {BASAS) at
suppression initiation),

Experimentation was conducted to determine a means of computing
values of BASAL (basal area suppression factor) that would produce the
desired growth suppression. The desired curve results if BASAL 1s assigned
values linearly from 1.0 to 0.5 a8 values of BASA3 (raised to the 4,2
power) increase from 1 to 7. BASA3I is the ratio of BASAS to BASAS.
BASAS 18 the basal area at the current computational instant and-it is
computed by subprogram 7. BASAS is the basal area at which suppression
is initiated and it 1s computed by subprogram 9.

The computation of BASAL is summarized as follows:

20A BASA3.K=BASAS.K/BASAS.K
514 BAXA9,.K=CLIP{BASA3.K,1.0,BASA3.K,1.0)

294 BAXAT7.K=(L.20)LOGN(BAXAS.K)
28A BAXAS.K=(1)EXP(BAXAT7.K)
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59A BASAL.K=TABHL(BASTA,BAXAB8.K,1.0,7.00,6.00)

BASA3.K = Ratio of Basal Area at Current Computational Instant
to Basal Area at Which Suppression Is Initiated

BASAS.K = Basal Area at Current Computational Instant (BASAS.K
is computed by subprogram 6.)

BASAS.K = Basal Area at Which Suppression Is Initiated (BASAS.X
is computed by subprogram 9.)

BAXAG,K = CLIP Function (BAXA9.X is equal 1 when BASA3.K is
less than 1 or BAXA9.K is equal BASA3.K when BASA3.K
is equal 1 or more.)

BAXAT.K = Computational Factor for BAXAB.K

BAXAB.K = Exponential Function of BASA3

BASTA* = OSuppression Factor Values as a Linear Function of
BAXAB.K

BASAL.K = Basal Area Suppression Factor

Subprogram 11

When suppression occurs, subprogram 8 computes the D.B.H sup-
pression factors (BASLL). The D.B.H. suppression factor (BASLL) sup-
presses D,B.H. values computed by the D.B.H. regression equation in
subprogram 3. It is necessary that the unsuppressed D.B.H. be suppressed
so that the basal area (BASAS) at the current computational instant is
equal to the suppressed basal area (BASAS) computed at the prior computa-
tional instant, BASAS is computed by subprogram 6 and BASA3 is computed
by subprogram 7.

The value of BASLL for the curfent computational instant is com-
puted at the prior computational instant. Therefore, subprogram 8 re-
quires the value of the basal area resulting from the unsuppressed D.B.H.
at the next computational instant in order to determine the value of BASLL
required for the next computational instant.

This subprogram computes the unsuppressed basal area (BAXAS) at

the next computatlonal instant. The unsuppressed D.B.H., at the next
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computational instant (DBXT), is computed by the same D.B.H. regression

equation used in subprogram 3. The unsuppressed basal area, at the next

computational instant (BAXAS), is computed as BASAS in subprogram 6.

The computations for BAXAS are summarized as follows:

124
124
294
124
94

124
284
13A
20A
Ty

XAGE.K

SITEI

DBXA1.K
DBXA.X
F

nt 4

X5TPA.X

DBXB1.K
DBXB.K
DBXL.K
DBXI1.K

X

DBAT.K
BAXAT,.K
BAXAS.K

BAXAS.K

Subprogram 12

DBXA1.K=(XAGE.K) (SITEI)
DBXA.K={0,000219) (DBXA1.K)

DBXAB1 .K=(F)LOGN(XSTPA.K)
DBYB.X=(0.23L5LL) (DBXBI .K)
DBYL.K=(0.65071 2+DBXA, K-DBXB.K+DBHC.K)
DBXL1 .X=(2.3025851) (DBXL.X)

DBXT .K=(X)EXP(DBXL1.K) _
BAXAT.K=(3.1115927) (DBXT.K) (DBXT.K)
BAXAS.K=BAXAT.K/k

BAXAS.K=(BAXA5.K) (XSTPA.K) /1LL

Tree Age at Next Computational Instant (XAGE.K is
computed by subprogram 2.)

Site Index of the Land (SITEI value is assigned by
subprogram 1.)

Computational Factor for DBXA.K

Second Term of D.B.H. Regression Equation

1 (F is a computational constant established by
subprogram 1.

Estimated Harvestable and Defective Trees at Next
Computational Instant (XSTPA.K is computed by
subprogram 5.)

Computational Factor for DBXB.K

Third Term of D.B.H. Regression Equation

Common Logarithm of D.B.H. at Next Computational Instant
Natural Logarithm of D.B.H. at Next Computational
Instant

1 (X is a computational constant established by
subprogram 1.)

Unsuppressed D.B.H. at Next Computational Instant
Computational Factor for BAXAS.K

Cross Sectional Area of Individual Tree at Next
Computational Instant (BAXAS.K is in square inches.)
Basal Area per Acre at Next Computational Instant
(BAXAS is in square feet.)

The tree volume is a function of tree height and tree D.B.H. The

régression equation (16) for tree volume inside the bark at a 3 inch
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dismeter top is as follows:

V3I2 = 0.002135(HGH) (DBH)2-0.693239

This equation is programmed as follows:

13A VOLF.X=(DBH.K) (DEH.X) (HGH.X)

124
TA

DBH.K
HGH.K
VOLF.K
V3T1.K
V3I12.X

nuqann

V3I1.X=(0.002135) (VOLF.K)
V3I2.K=V3I].K-0.693239

Tree D.B.H. (DBH.K is computed by subprogram 3.)
Tree Height (HGH.K is computed by subprogram L.)
Computational Factor for V3I1.K

First Term of Tree Volume Regression Equation

Tree Volume Inside Bark Below & 3 Inch Diameter Top
at Current Computational Instant (V3I2.K is in
cubic feet.)

Based on wood volume data compiled by Taras (19}, it is estimated

that there are 72 cubic feet of wood per cord. Based on this, the esti-

mated number of trees per cord (V3ITC) is computed as follows:

20A
V3I2.K =

V3ITC.X =

V3ITC.K=72/V3I2.K

Tree Volwne Inside Bark Below a 3 Inch Diameter Top
at Current Computational Instant
Trees per Cord at Current Computational Instant

The tree weight (V3IWT) is estimated as follows:

LA V3IWT .X=(V3I2.K) (CDWT)/72

V3I2.K
CDWr =

)

V3IWT .X

Tree Volume Inside Bark Below a 3 Inch Diameter Top
at Current Computational Instant

Cord Weight (CDWT value is assigned by subprogram 13
of the economic model.)

Merchantable Tree Weight at Current Computational
Instant

The harvester can only harvest 50 feet of a tree in a single
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processing sequence. Trees are estimated to have 15 feet of top above
the 3 inch top diameter; therefore, 65 foot high trees have a 50 foot
merchantable atem.

Trees are not expected to greatly exceed 65 feet in height 3 there-
fore, the harvester is not recycled to process wood remaining in tops of
trees over 65 feet Iin height. Subprogram 13 of the economic model esti-
mates the percentage (V3I70) of the merchantable stem that is harvested
when trees are over 65 feet high. The harvestable yleld (V3I60) is
computed as follows:

124 V3IL.K=(HSTPA.K)(V3I2.K)

204 V3I10.R=V3IL.K/72

514 V3I5.K=CLIP(V3I10.K,1,V3I10.K,1)
124 V3I60.K=(V3I5.K)(V3I70.K)

V3I2.K = Tree Volume Inside Bark Below a 3 Inch Diameter Top

at Current Computational Instant

HSTPA.K = Harvestable Surviving Trees at Current Computational
Instant (HSTPA.K is computed by subprogram 5.)

V3IL.K = Yield per Acre at Current Computational Instant
(V3IL.X is in cubic feet.)

V3I10.K = TYield per Acre at Current Computational Instant
{(V3I10.K ie in cords.)

V3IS,KX = CLIP Function (V3IS.K equals 1 when V3I10.K is leas
than 1 or V3IS.K equals V3I10.K when V3I10.K equals
1 or more.)

V3I70.K = Harvestable Volume (V3I70.K accounts for volume that

cannot be harvested in a single proceasing sequence
on trees over 65 feet high., V3I70.K is computed
by subprogram 13 of the economic model.)

V3I60.K = Harvestable Yield per Acre at Current Computational
Instant (V3I60.K is in cords.)

The harvestable yleld per acre per year average (V3I61) is
computed as follows:

20A V3I61.K=V3I60.K/AGE.K




AGE.X =
V3I60.K =
V3I61.K =

98

Age of Trees at Current Computational Instant
(AGE.X is computed by subprogram 2.)

Harvestable Yield per Acre at Current Computational
Instant

Harvestable Cords per Acre per Year Average at Current
Computational Instant




99

CHAPTER VIII
FOREST GROWTH !DDEL EXFERTMIUTATICH AYD RESULTS

The forest growth model is develcped tc determine tree and
forest characteristics relative to forest planning and management alter-
natives by model experimentation. The trec characteristics considered

in the model experimentation are tree height, D.Z.H., weight, and vclume;

~whereas the forest characteristics considered are yield, survival, and

tree distribution. Forest planning alternatives considered in the model
experimentation are initial planting density and the land site index on
which the trees are planted; whereas the forest management alternative
considered is the age at which the forest is harvested.

The forest growth model is run at site indices LG, 50, 60, 70,
and 80. For each site index, initial planting densities are varied from
20C to 1,000 trees per acre in increments of 100 trees per acre. Time
is increazsed from planting time to L0 years in 1 year increments. The
computed forest and tree characteristics are supplied directly to the
economic model that is run simultaneously with this model.

The resulting tree and forest characteristics are printed and
plotted at each subsequent year aftef planting. The resulting data are
plotted for 10 to LO years and presented in figures as follows:

(1) Tree Height versus Age for Trees on Land with Site Indices
4O to B0 is Figure L.

(2) Survival versus Age for Initial Planting Densities of 200 to
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1,000 Trees per Acre on Land with: Site Index LO is Figure 15, Site Tndex
50 is Figure 16, Site Index 60 is Figure 5, Site Index 70 is Figure 17,
and Site Index 8C is Figure 18.

(3) Diameter at Breast Height versus Age for Initial Planting
Densities of 200 to 1,000 Trees per Acre on Land with: Site Index LO is
Figure 19, Site Index 50 is Figure 20, Site Index 60 is Figure 6, Site
Index 70 is Figure 21, and Site Index 80 is Figure 22.

(L) Basal Area versus Age for Initial Planting Densities of 200
to 1,000 Trees per Acre on Land with: Site Index LO is Figure 23, Site
Index 50 is Figure 2l;, Site Index 60 is Figure 7, Site Index 70 is Figure
25, and Site Index 80 is Figure 26.

(5) Harvestable Yield versus Age for Initial Planting Densities
of 200 to 1,000 Trees per Acre on Land with: Site Index LO is Figure
27, Site Index 50 is Figure 28, Site Index 60 is Figure 8, Site Index 70
is Fipure 29, and Site Index 80 is Figure 30.

{6) Merchantable Stem Weight versus Age for Initial Planting Den-
sities of 200 to 1,000 Trees per Acre on Land with: Site Index L0 is
Figure 31, Site Index 50 is Figure 32, Site Index 60 is Figure 9, Site

Index 70 is Figure 33, and Site Index 80 is Figure 3L.
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Figure L. Total Height versus Age for Trees on Land with Site Indices
L0 to 80
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1,000 Trees per Acre on Land with Site Index 60
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Figure 6. Diameter at Breast Height versus Age for Initial Planting Den-
sities of 200 to 1,000 Trees per Acre on Land with Site
Index 60
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Figure 8. Harvestable Yield versus Age for Initial Planting Densities
of 200 to 1,000 Trees per Acre on land with Site Index 60
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CHAPTER TX

ECANCMIC MODEL

Discussicn of the Tecncmic Model

Tt is desirable to economically evaluate the proposed harvester
design in conjunction with forest planning and management alternatives.
An ecconomic evaluaticn is desirable because of management objectives of
the independent landowner and the paper company. The private landowner
normally desires to plan, manage, and harvest the ferest so as to obtain
the nmaximum return on investments and expences; uwhereas the goal of the
paper company is to plan, manage, and harvest the Jorest so as to reduce
wood cost to a minimum.

An economic simulation model is developed to evaluate the harvest-
er's design in conjunction with forest planning and ménagement alterna-
tives relative to economically oriented management objectives.

The forest is a long-term investment and there are many factors
that aiffect the rate of return and wood cost. The economic model is
desizned to determine initial investments, initial expenses, folleow-on
expenses, and harvesting expenses related tc the machine design and forest
planninz and management alternatives. All costs are based on their value
at planting time and economics factors such as inflation. The forest
asset value at harvesting time, is also determined by the economic model.

The initial investment is the land value at planting time. The

land value is assumed to be a linear function of the site index.
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The initial expenses are costs related to site clearing, site
preparation, and planting. Site clearing is only required for the initial
plantation planting. The site preparation is the clearing of small under-
brush and scoil preparation. The planting cost considered is the tree
seedling and planting costs.

The follow-on expenses consist of annual taxes and management
costs. These costs are a function of inflation and their related costs
at planting time.

The harvesting cost is based on harvester performance, harvester
operating cost at planting time, and inflation. The harvester's perform-
ance is determined relative to tree and forest characteristics based on
the results of the harvester simulation model and the forest growth model.
The harvester operating cost computations are contained in Appendix II.

In the case of the private landowner, the economic model is designed with
an allowance for harvesting cost. If the harvesting cost is different
from this allowance, the stumpage price is adjusted to compensate for the
difference. In the case of the pasper company, the harvesting cost, minus
the harvesting cost allowance, is added to the cost of the wood.

The investment value at harvesting time is a function of inflation,
stumpage price at planting time, forest yield, harvesting cost, and land
value.

The landowner's rate of return and the paper comparny's wood cost
are determined relative to the harvester design and forest plamming and
management alternatives. The results of the economic model are used to
identify forest planning and management alternatives related to maximum

rate of return and minimum wood cost. The results of the forest growth
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model are utilized to determine the tree and forest characteristics
related to the maximum rate of return and minimum wood cost. The pro-
posed harvester design needs to be refined in accordance with the tree
and forest characteristics related to the optimal forest planning and
management alternatives.

The landowner's rate of return is computed from the ratio of the
initial value at planting time of all investments and expenses toc land
value and harvested wood value at harvesting time. The above rate of
return data is computed for planning and management alternatives when
site clearance is required as well as when site clearance is not required.
The landowner's rate of return is computed before income taxes are
deducted.

The paper company's wood cost is computed as the summation of all
forest investments, forest expenses, and harvesting expenses (minus
harvesting cost allowance). The wood cost related to planning and manage-
ment alternatives is computed for cases where the paper company diverts
profits (after taxes) from industrial investments into forest investments.
These altermatives are considered for site clearing cost requirements as
well as no site clearing cost requirements. The paper company's wood
cost is also computed relative to plamning and management alternatives
when the paper company borrows funds for forest investments as they are
required. These alternatives are considered only when site clearance is

required.

Development of the Economic Model

The economic model is programmed in DYNAMO computer language (12).
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This language is used because of its adaptability for dynamic feedback
systems in business, economics, or engineering and its ability to trans-
late mathematical models into tabulated and plotted results. The forest
growth model and the economic model are combined into a single computer
model and they are run simultanecusly. It is desirab’e tc ccmbine the
two models due to cormon time basis and extensive data flow from the
forest crowth model to the economic model.

The forest growth model is identified as Section I of the combined
model, whereas the economic model is identified as Section II. The forest
growth model is made up of subprograms 1 through 12 and the econcmic
model is made up of subprograms 13 through 23. The combined models and
semple printout are contained in Appendix IIT.

The purpose of each of the 11 subprograms of the economic model
is as follows:

(1) Subprogram 13 computes the harvesting cost per cord at
harvesting time.

() Subprogram 14 computes the value, at planting time, of all
expenses related to planting and growing the forest.

(3) Subprogram 15 computes the land value at 1 year increments
after planting.

(L) Subprogram 16 computes the stumpage prices at 1 year increments
after planting.

(5) Subprogram 17 computes the annual taxes at 1 year increments
after planting.

(6) Subprogram 18 computes the annual management costs at 1 year

“increments after planting.
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(7) Subprogram 19 computes the harvester's hourly operating costs
at 1 year increments after planting.

(8) Subprogram 20 computes the harvesting cost allowance at 1
year increments after planting.

(9) Subprogram 21 computes discount factors for follow-on expenses
which are invested until required. |

(10} Subprogram 22 computes the rate of return for the landowner
at 1 year increments after planting.

(11) Subprogram 23 computes the wood growing costs, adjusted for
harvesting costs, for the paper comparny at 1 year increments after
planting.

Development of each of the economic model subprograms is

discussed in detail.

Subprogram 13

The harvesting cost per cord is a function of operating cost and
the production rate. The operating cost is a funetion of the operating
cost at planting time and economic factors such as inflation, and the
production rate is a function of the harvester design and the character-
istics of the trees and forest.

The harvester simlation mbdel is used to determine the processing
cycle time per tree relative to initial planting density, survival, and
tree size. The harvester simmlation model is used first to determine the
processing cycle time for the 5 inch D.B.H. trees as a function of initial
planting density and survival percentages. These data are recorded in Table

2. The harvester simulation model is then used to determine the processing
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time per tree at 700 trees per acre initial planting density as a function
of D.B.H. These data are used to determine the difference in the pro-
cessing time for the 5 inch D.B.H. trees relative to trees with other
D.B.H.s. The resulting data are used to determine correctional values to
adjust the 5 inch D.B.H. cycle time for other D.B.H.s. The resulting
correctional values for L surviving ranges is presented in Table 3. Tt
was determined that these correctional values for other D.B.ﬁ.s resulted
in negligible errors when uniformally applied for initial planting
densities other than 700 trees per acre.

The forest growth model, which runs sirultaneously with the
economic model, determines tree size and survival as a function of initial
planting density, site index, and age. The economic model uses these
data in conjunction with the data from the harvester model (as recorded
in Tables 2 and 3) to determine the harvester processing time per tree
relative to tree and forest characteristics as determined by forest
planning and management.

The data in Table 2 are made available to the economic model by
TABHL functions {CCF22 through CCF30) for each initial planting density
(TPA). Each of the TAHHL functions is a function of survival (SURP).

The TABHL functions (CCF22 through CCF30) are multiplied by related SWITCH
functions (CCF12 through CCF22) to compute processing time terms (CCFL2
through CCF50) for trees with 5 inch D.B.H. The SWITCH functions are
equal to 1 or O relative to values of the SWITCH function control factors
(CCFO2 through CCF10). If the SWITCH functions are equal to 1, their
related SWITCH function control factors are equal to O or if the SWITCH

functions are equal to O, their related SWITCH function.control factors
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are not equal to O. The SWITCH function control factors are equal to O
only for specific initial.planting densities (TPA). Therefore, all the
processing time per tree terms (CCFL? through CCFS0) for 5 inch D.B.H.s
are equal to O except'the one related to the initial planting density
(TPA) being considered for this particular simulation run. The processing
time term, related to the specified initial planting density (TPA), is
equal to the related TABHL functioﬁ (CCF22 through CCF3C). The harvester
processing time per tree (CCF53), for 5 inch D.B.H. trees relative to
initial planting densities (TPA) and survival, is equal to the sum of the
processing time terms (CCFL2 through CCF50) of which all but the one re-
lated to the specified initial planting density (TPAa) are equal to O.

The harvester processing time per S inch D.B.H. trees is then
corrected by the précessing time correctional term {(CCF78) for trees with
D.B.H.s other than 5 inches. The processing time per tree correctional
term (CCF78) is computed from correctional values recorded in Table 3.

The correctional values in Table 3 are made available to the economic
model by L TABLE functions (CCFé1, CCF66, CCF71, and CCF75) for L ranges
of survival. ZEach of these TABHL functions is a function of D.B.H. Each
of the TABHL functions are multiplied by related CLIP functions (CCFé0,
CCFéL, CCF65, CCF69, CCF70, and CCF7L). These CLIP functions are equal

to 1 or 0. The logic of the CLIP functions is so that the TABHL functien,
related to the survival being considered by the economic model,‘is multi-
plied by 1 and the other 3 TABHL functions are multiplied by 0. Survival/
D.B.H. correctional values (CCF63, CCF68, CCF73, and CCF77) are the re-
sulting products of the L TABHL functions and their related CLIP functions.

The processing time per tree correctional term (CCF78) is the sum of the
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survival/D.B.H. correctionai values (CCF63, CCF68, CCF73, and CCF77).
The harvester processing time per tree (CCF79) is equal to the sum of the
processing time per tree (CCF53) for 5 inch D.B.H. trees and the pro-
cessing time per tree correctional term {CCF78).

The above computations for initial planting density_(TPA) of 500
trees per acre and 75 percent survival are summarized below. Equations

and computations for other planting densities and survival are similar.

7A  CCFO5.K=+TPA-500

L49a CCF15.K=SWITCH(1.0,0.0,CCFO5.X)

584 CCF25.K=TABHL(CCF35,SURP.K,0.5,1.0,0.05)

C  COF35%=21.7/20.5/19.4/18.523/17.750/17.088/16.503/
15.9/15.4/14.9/14.5

124 CCFL5.K=(CCF15.K) (CCF25.K)

84  CCF51.K=+CCFL2.K+CCFL3.X+CCFLL . K

10A CCF52.K=+CCFhL5.K+CCFL6.K+CCFLT . K+CCFLB . K+CCFL9 . K
+CCF50.K

74  CCF53.K=+CCF51.K+CCF52.X

514 CCP69.K=CLIP(+1.0,0.0,SURP.K,0.725)

514 CCF70.K=CLIP(-1.0,0.0,SURP.K,0.775)

584 CCF71.K=TABHL(CCF72,DBH.K,L.0,12.0,1.0)

c CCF72%=-0.333/+0.000/+40.333/+0.775/+1 .115/+1.,i53/
+2.313/+3.173/+4.033

184 CCF73.XK=(CCF71.K) (CCF49.K+CCF70.K)

A  CCF78.K=+CCF63.K+CCFA8.K+CCF73.K+CCF77.K

TA  CCF79.K=+CCF53.K+CCF78.K

TPA

Initial Planting Density (TPA is in trees per acre
and the value is assigned by subprogram 5 of the
forest growth model.)

SWITCH Function Control Factor for 500 Trees per Acre
SWITCH Function (CCF15.K is equal 1 if CCF05.K is
equal O or CCF15.X is equal O if CCF05.K is not

equal 0.)

Survival Percentage at the Current Computational
Instant (SURP.K is computed by subprogram 5 of the
forest growth model.)

TABHL Function for Harvester Processing Time per Tree
for 5 inch D.B.H. and Initial Planting Density of

500 Trees per Acre (CCF25.K is a function of SURP.K
as computed by the harvester simulation model and
recorded in Table 2.)

Processing Time per Harvestable Tree Data from Table 2

CCF05.K
CCFi15.K

SURP.K

CCF25.K

CCF35%



CorL2.
CCFL3.
ccrhly.
CCFL5.
CCFL6.
CCFLT.
CCFLE.
CCFLO.
CCF5C.
CCFGI.

CCF52.

CCF53.
CCF69,

CCF70.

DBH.K

CCF71.

CCF72%
CCF73.

CCF63.
CCFER.

CCF77.

4

kY

K

K

K

K
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Processing Time Term for 20C Trees per Acre, Initisl
Planting Density

Processing Time Term for 300 Trees per Acre, Initial
Planting Density

Processing Time Term for L00 Trees per Acre, Initial
Planting Density

Processing Time Term for 500 Trees per Acre, Initial
Planting Density

Processing Time Term for 60C Trees per Acre, Initial
Flanting Density

Processing Time Term for 700 Trees per Acre, Initial
Flanting Density

Processing Time Term for 800 Trees per Acre, Initial
Planting Density

Processing Time Term for 900 Trees per Acre, Initial
Plarting Density

Processing Time Term for 1,000 Trees per Acre,

Initial Planting Density

Sum of Processing Time Terms for 200, 300, and LOO
Trees per Acre, Initial Planting Density

Sum of Processing Time Terms for 500, 600, 700, 6CO,
900, and 1,000 Trees per Acre, Initial Planting

Density

Sum of all Processing Time Terms

CLIP Function (CCFA9.X is equal O when SURP.K is

less than 0.725 or CCF69.X is equal 1 when SURP.X

is equal to or greater than 0.725.)

CLIP Function (CCF70.K is equal O when SURP.K is

less than 0.775 or CCF70.X is equal -1.C when SURP.K

is equal to or greater than 0.775.)

Diameter at Breast Height at This Computational Instant
(DBH.K is computed by subprogram 3 of the forest growth
model. ) .

TABHL Function for Processing Time per Tree Correctional
Values Relative tc D.B.H. and Survival Between 72.5
and 77.5 Percent (CCF71.K values are computed by the
harvester simulation model and recorded in Table 3.)
Processing Time per Tree Correctional Data from Table 3.
Survival/D.B.H. Correctional Values for Survival Per-
centages 72.5 to 77.5 (CLIP functions CCF69.K and

- CCFT70.K work topgether to mske CCF73.K equal CCF71.K

when survival is in the range of 72.5 to 77.5 percent.
The CLIP function makes CCF73.K equal C when survival
is not in the range of 72.5 to 77.5 percent.) :
Survival/D.B.H. Correctional Values for Survival Per-
centages Less than 67.5 Percent

Survival/D.B.H. Correctional Values for Survival Per-
centages of 67.5 to 72.5 Percent

Survival/D.B.H. Correctional Values for Survival Per-
centages Greater than 77.5 Percent
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CCF78.K =  Sum of Survival/D.B.H. Correctional Values for the
Four Survival Ranges
CCF79.K = Harvester Processing Time per Tree (CCF79.K is in

seconds. )

The harvester processing time per tree (CCF79) is used to compute
the time required to process a grapple load (CCF1). The trees per storage
grapple load (CCF8C) are computed as the product of cords per grapple load
(CDPLY and harvestable trees per cord (VITC).

The cords per grapple load (CDPL) are computed by dividing the
weight of a storsge grapple load (LOAD) by the estimated weight per cord
(CDWT). The weight of the storage grapple load (LOAD) is assigned 13,000
pounds due to the harvester design. The estimated cord weight (CDWT) is
5,100 pounds. The estimated cord weight (CDWI)} of 5,400 pounds is based
on data compiled by Taras (19).

The harvestable trees per cord (VITC} is computed by dividing the
trees per cord at a 3 inch top (V3ITC) by the percentage of the tree that
is harvestable (V3I70). The trees per cord at a 3 inch top (V3TTC) are
computed by regression equations (16) in subprogram 12 of the forest growth
model. The harvester can harvest only 50 feet of a tree in a single pro-
cessing sequence. Trees are estimated to have-15 feet of tree above a 3
inch top. Therefore, trees over 65 feet are expected to have a merchant-
able stem of more than 50 feet long. Since trees are not expected to be
much higher than 65 feet at optimal harvesting time, it is considered
more economical not to recycle the harvester for the small volume of wood
in tops of trees slightly over 65 feet in height. The percentage of
merchantable wood in the 50 foot stem of a tree over 65 feet high is es-

timated by V3I70.
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The percentage of merchantable tree wvolume that is harvestable
(V3I70) is estimated by assuming that the tree is a right circular cone
the height of the tree and there are 15 feet of top above the 3 inch
diameter. The volume of a right circular cone is computed by the

following equation:
Volume = (1/3)(Base) (Height)

The percentage of wood that is harvestable (V3I70) is computed by the

following formula:

V3170 = 1 - {Volume above 50 Feet)-(Volume in 15 Foot Top)
(Total Volume)-{Volume in 15 Foot Top}

The percentage of harvestable wood (V3I70) is manually computed for

trees 65 to 100 feet high and is recorded in Table 9. The harvester can

harvest all of the merchantable volume of trees less than 65 feet high.

The values of V3I70 are programmed in the model by a TABHL function.
Computations for computing the grapple load processing time (CCF81)

are summarized below:

c CDWT=5, 400

c LOAD=13,000

20A CDPL.K=LOAD.K/CDWT.K

58A V3I70.K=TABHL(V3I71,HGH.X,65,100,1)

C V3IT1#=1.00/.9966/.9957/.9922/.989L/,9865/
.9837/.9805/.977L/.97L2/.9710/.9676/
.96L2/.9608/,9574/.9531/.9503/.9L66/
.9429/.9396/.9355/.9321/.92771/.92L2/
.9206/.9167/.9130/.9089/.9052/.9019/
.8977/.8938/.8902/.8861/.8825/.8780

204 VITC.K=V3ITC.K/V3I70.K

124 CCFB0.XK=(VITC.X){CDPL.K)

124 CCF81.XK=(CCF80.X){CCF79.K)

CDWT = Weight per Cord in Pounds




118

Table 9. Percentage of Merchantable Stem That is
Harvestable for Trees Over 65 Feet High

Tree Percentage of Tres Percentage of

Height Merchantable Stem Height Merchantable Stem
(Feet) That is Harvestable (Feet) That is Harvestable
65 1C0 B3 oh.29
66 §9.66 8L 93.96
67 99.57 85 93.55
68 95.22 86 93.21
69 98.94 87 92.77
70 98.6% 88 92.h2
71 98.37 89 52.06
72 $8.05 90 91.67
73 97.74 9 91,30
74 97.42 92 90.89
75 97.10 93 90,52
76 96.76 b 90.19
17 96.42 95 89.77
78 96,08 96 89.38
79 95.74 97 89.02
8o 95.31 98 868.61
81 $5.03 99 88.25
82 94 .66 100 87.80
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LOAD = Weight of a Grapple Load

CDPL.K = Cords per Grapple Load

V3I70.K = TABHL Function for Estimating Percentage of
Merchantable Stem That is Harvestable for Trees over
65 Feet High

. V3I71% = Values for TABHL Functions as Recorded in Table 9

HGH.K = Tree Height at This Computational Instant (HGH.X is
irn feet and is computed by subprogram L of the forest
growth model.)

V3ITC.K = Trees per Cord Based on Merchantable Volume (V3ITC.K
is computed on stem volume below a 3 inch top and
V3ITC.K is computed by subprogram 12 of the tree
growth model.)

VITIC.K = Trees per Cord Based on Harvestable Volume

CCFB0.K = Trees per Grapple Load

CCF79.X = Harvester Processing Time per Tree (CCF79.K is in
seconds. ) .

CCFB1.K = Grapple Load Processing Time

The harvester's operator is alerted by the harvester's hydraulic
suspension system when a 13,000 pound load is supported by the harvester.
After the load signal is given and after the shear is raised from the
stump of the last tree, the operator moves the machine into position to
deposit the load on the ground while the harvester automatically completes
processing of the last tree in the load. The time to finish processing
the last tree is computed by the harvester simulation model. These data,
as a function of D.B.H., are recorded in Table 5. The time to process the
grapple load and the time to deposit the load are added together to deter-
mine the total harvester operating time per load. Since the time to pro-
cess the last tree is counted twice as dual time (CCF82), it is subtracted
from the grapple load processing time (CCF81) to compute the effective
grapple load processing time (CCF8L). The dual time (CCF82) is made
available to the economic model by a TABHL function.

The time required for the harvester to get into position and unload

the grapple (CCF85) is the sum of: TWI'IY, BUPT1, LMII1, IGCT1, TWII2,
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and RMTI1. TWII! is the estimated time (3 seconds) required to turn the
harvester wheels. BUPT!1 is the estimated time (10 seconds) required to
back up 20 feet., LMII1 is the estimated time (2 seconds) required to
lower the machine. IGCT1 is the estimated time (1 second) required to
initiate opening of the grapple. TWI'I2 is the estimated time (6 seconds)
required to turn wheels fuily in the Opposité direction, BRMTI1 is the
estimated time (4 seconds) required to raise the machine.

The time required for the total unloading sequence (CCF87) is the
sum ofs+ CCF86, BUPT2, TWTPI3, IRGCT, PFWT1, and ILGCT. CCF86 is equal to
the maximum of the time tc position and unload the grapple (CCF8S) or the
time to complete processing of the last tree (CCFB2). This is necessary
because the unlcading of the grapple cannot be completed until the pro-
cessing of the last tree is complete and the grapple has been opened.
BUPT2 is the estimated time (4 seccnds) required to back up § feet.

TWTI3 is the estimated time (6 seconds) required to turn the harvester
wheels fully in the opposite direction. IRGCT is the estimated time

(1 second) required to initiate closing of the grapple on the side toward
the unharvested forest. PFWI1 is the estimated time (1L seconds) required
to move the harvester forward 28 feet. ILGCT is the estimated time (1
second) required to initiate closing of the other half of the grapple.

The total harvester operating time, in seconds, per grapple load
(CCF88) is the sum of the total unloading sequence time (CCFB7) and the
effective grapple load processing time (CCF8L). The total harvester
operating time per grapple load, in minutes, is computed by V3Il'L. The
total harvester operating time per tree (CCF90) is also computed by

dividing the total harvester operating time per grapple load (CCF88) by




121

the total number of trees per grapple load (CCF89 which is equal CCFBO
when CCFB0O is equal to 1 or more).

The total harvesting cost per grapple load (V3I15) is computed by
the product of the operating time per grapple load (V3I1L which is con-
verted to hours) and the harvester operating cost per hour at harvesting
time (E5). The harvester operating cost per hour at harvesting time
(ES) is computed as a function of harvester operating cost per hour at
planting time and econcmic factors such as inflation. The harvester
operating cost per hour (E5) is computed by subprogram 19. The harvest-
ing cost per cord at harvesting time (V3116) is computed by dividing the
harvesting cost per grapple load at harvesting time (V3I15} by the number
of cords per grapple load (CDPL). The equivalent harvesting cost per
cord at planting time (V3162) is computed by dividing the harvesting
cost per cord at harvesting time (V3I16) by an inflation factor (CS).
The inflation factor (C5) is computed by subprogram 19.

The above computations are summarized below:

S84 CCFB82,.K=TABHL(CCF83,DBH.X,0.0,12.0,1.0)
C CCrB3%=28,2/28,.2/°8.2/°8.2/20.,2/28.2/°208.2/28.2
. 29.3/29.7/30.2/30.723/31.232
L CCF8L.K=0CFS1.X-CCrS8o.K
TWTI1=3
BUPT1=1C
LMTI1=2
IGCT =1
TWTI2=6
RMTI1=)
CCF85.K=+TWTI1.K+BUPT1 . K+LMTT? .K+IGCT1 . K+TWI I2 K+ I1, i
A CCFB6.K=MAX(+CCFB85.X,+CCF82.K)
BUPTZ=l,
TWILI3=6
TRGCT=1
PFWT1=14
TLGCT=1
CCF87.K=+CCF86 ,K+BUPT2 , K+TWT I3, K+IRGCT . K+PFT LK+ TLGCT.K

- O0O00000O0uVI=000a0 0 0=
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TA

204
514
20A
Lha
204
204

DBH.K

CCFB2.K

!

CCF83%
CCF81.K
CCF8l.K
TWTT1
BUPT1
LMT T
IGCTI
TWTI2

w uw ® w»

RMI'IY
CCF85.X
CCFB6.K
BUPT?2
TWI'Is

TRGCT
PFWT
TIGCT
CCF87.K
CCF88.X

V3I1Lh.K

CCF89.K =

CCFr20.K

E5.X

V3I15.K
CDPL.K
V3I16.X
C5.X

nononoa

V3I62.X
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CCPB8.K=CCFB87.K+CCF8L.K
V3I1L.K=CCF88.K/60
CCF89.K=CLIP(CCF80.K,1.0,CCF80.X,1.0)
CCF30.K=CCF88.K/CCF89.K
V3I15.K=(ES. K} (V3T14.K) /60
V3I116.K=V3I15.K/CDPL.K
V3T62.K=V3T16.K/C5.K

D.B.H. at Current Computational Instant (DBH.K is com-
puted by subprogram 3 of the forest growth model.)
TABHL Function for Dual Time During Processing of
Last Tree in a Grapple Load (The dual time values are
determined by the harvester's simulation model and
recorded in Table 5 as a function of D.B.H.)

Values for TABHL Function as Recorded in Table 5
Grapple Load Processing Time

Effective Grapple Load Processing Time

Time to Turn Harvester Wheel Fully in One Direction
Time to Back Harvester Up 20 Feet

Time to Lower the Harvester

Time to Initlate Opening of Grapple

Time to Turn Harvester Wheels from One Full Direction
to the Opposite Full Direction

Time to Raise the Harvester

Time to Pesition and Unload the Grapple

Maximum of CCF85 or CCF82

Time to Back Harvester Up 8 Feet

Time to Turn Harvester Wheels from One Full Direction
to the Opposite Full Direction

Time to Initiate Closing of Cne Side of Grapple

Time to Move Harvester Forward 20 Feet

Time to Initiate Closing of Other Half of Grapple
Total Unloading Sequence Time

Total Harvester Operating Time per Grapple Load, in
Seconds

Total Harvester Operating Time per Grapple Load, in
Minutes

CLIP Function (CCF89 is equal CCF80, tree per grapple
load, when CCF8Q is equal 1 or more. CCF89 is equal
1 when CCF80 is less than 1.) _

Harvester Operating Time per Tree (CCF90.K is in
seconds. )

Harvester Operating Cost per Hour at Harvesting Time
(E5 is computed by subprogram 19.)

Harvesting Cost per Grapple Load at Harvesting Time
Cords per Grapple Load

Harvesting Cost per Cord at Harvesting Time

Inflation Factor Between Planting Time and Harvesting
Time (C5.X is computed by subprogram 19.)

~ Equivalent Harvesting Cost per Cord at Planting Time
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Subprogram 1)

This subprOgram’computes the initial value per acre (TNV) of all
investments and expenses reqﬁired by the private landowner to grow trees
to the harvesting age. INV is computed at planting time.

The initial investment is the land value at planting time (ILV).
The land value is computed irn subprogram 15 by TE1B2 as a function of
the site index.

The initial expenses are site clearing cost (SPC1) and the com-
bined site preparation and planting cost (SPPC). The site clearing cost
(SPC1) is incurred during the initial plantation planting and is estimated
at 20 dollars per acre. During replanting of plantations, the site
clearing cost is not incurred because all previocus trees were even aged -
and clear cut when harvested. The combined site preparation and planting
cost (SPPC) is made up of site preparation cost (SPC), tree seedling
cost (TC), and tree seedling planting cost (PC). Site preparation cost
(SPC) is estimated at 12 dollars per acre. Tree seedling cost per acre
(IC) is computed as a function of planting density per acre (TPA) and
seedling cost (TCPT). Tree seedling cost (TCPT) is estimated at b dollars
per 1,000 trees. The tree seedling planting cost per acre (PC) is com-
puted as a function of planting density per acre (TPA) and planting cost
(PCPT). Planting cost (PCPT) is estimated at 15 dollars per 1,000 trees.

The follow-on expenses are identified as annual taxes and annual
management expenses. These expenses are expected to increase annually
due to economic factors such as inflation. These follow-on expenses are
assumed to be invested at planting time.at typical bank deposit rates

(estimated at 5 percent based on interest rates at the time of this work)
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and remain on deposit until needed. Subprogram 17 computes the annual

taxes at subsequent years after planting and discounts the value, at the

bank deposit rate, to the related wvalue at planting time. The discounted

ammual taxes are used to determine the cummulative annual tax cost (H3)

at planting time.

Subprogram 18 computes, in a similar manner, the

annual management cost and the cummulative annual management cost (Hl)

at planting time.

The above computations are summarized below:

104
ba
c
8aA
C
hliA
c
LA
C
INV,K =
ILV. K =
SPPC.K =
H3.K =
Hh.K =
SPC1 =
TE1B2.K =
SpC =
TC.K =
PC.K =
TPA =
TCPT.K =
PCPT =

INV.K=+ILV, K+SPPC.K+H3, K+Hl JK+SPC1+0.0
ILV.K=TE1B2.X

SPC1=20

SPPC.K=SPC+TC.K+PC.K

SPC=12

TC.K=(TPA) (TCPT.K) /1,000

TCPT=)

PC.X=(TPA) (PCPT.X) /1,000

PCPT=15

Initial Value at Planting Time of All Investments and
Expenses Required to OGrow an Acre of Trees to
Harvesting Age ‘
Land Value per Acre at Planting Time (ILV.K is equal
TE1B2.K which i8 computed by subprogram 15.)

Combined Site Preparation and Planting Cost per Acre
Cummilative Annual Tax Coat per Acre Discounted to
Value at Planting Time (H3.K is computed by
subprogram 17.)

Curmmulative Annual Management Cost per Acre Discounted
to Value at Planting Time (H4.K is computed by
subprogram 18.)

Site Clearing Cost per Acre

Land Value per Acre at Planting Time (TE1B2.K is
computed by subprogram 15.)

Site Preparation Cost per Acre

Tree Seedling Cost per Acre

Tree Seedling Flanting Cost per Acre

Initial Planting Density in Trees per Acre (TPA is
assigned a value by subprogram 5 of the forest growth
model.)

Iree Seedling Cost per 1,000

Tree Seedling Flanting Cost per 1,000
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Subprogram 15

Forest land value at planting time (TR1B2) is assigned values
relative to the land site index. The land value at planting time (TE1B2)
is assumed to linearly increase from 50 dollars per acre for land with a
L0 site index to 90 dollars per acre for land with a 80 site index. The
land is also expected to increase in value relative to time due to
economic factors. The economic factors affecting land values are the
miscellaneous inflation factor {TE1B1) and the inflation rate factor (D1).

The miscellaneous inflation facter (TE1B1) is assigned values by
a TAPLE functicn that is included in the model to specify land values st
specific years after planting time. This factor can be used to accoﬁnt
for special influences in conjunction with the inflatien rate factor (D1),
or it can be used to totally account for changes in land value. The
special influences are economic factors such as surrounding land develop-
ment. This work does not consider special cases of economic factors and
the land is assumed to increase in value at a compound inflation rate
(I1). 1In view of this, the miscellaneocus inflation factor (TEiBi) is
assigned a value of unity at all computational instants.

The inflation rate ratio (C1) is computed at an annual compound
inflation rate (I1) of 3 percent. The inflation rate ratio at I years

after planting time is computed by the following equation:
c1 = (1+11)F

A CLIP function is used to control the use of the compound inflation
rate. The CLIP functicn is controlled by the value of ICCT., If use of

the annual compound inflation rate is desired, LCCT is assigned a value
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creater than 5 and the CLIP function assigns D1 the value of 01. TIf use

of the annual compound inflation rate is not desired, LCCT is assigned a

value less than 5 and the CLIP function assigns D1 a value of 1.

The miscellaneous inflated land value (TE1) is computed as the

product of the miscellanedus inflation factor (TE1B1) and the land value-

at planting time (TE1B2). The total inflated land value (E1) is computed

as the product of the miscellaneous inflated land value {TE1) and the

inflation rate factor (D1).

These. computations are summarized as follows:

C
TA
204
284
S14
124
124
S9A
c
SoA
C
C
T =
P =
Al1.K =
B1.X =
N.X =
01.K =
D1,
E1.K =
TE1.K =
TE1B1.X =
TE1VI# =
TE1B2.K =

I1=.03

A1.X=P+T1

B1.K=(N.K)LOGN (A1.K)
C1.K=(P)EXP(B1.K)
D1.K=CLIP(+Ct.K,+P,+LCCT,+5)
E1.K=(D1.K)(TE?.K)
TE1.X=(TE1E1.K) (TE1B2.K)
TE1B1.K=TABLE(TE1V1,N.K,0,L0,L0)
TE1V1%#=1/1
TE182.K=TABLE(TE1V?2,STT:I.K,L0,80,10)
TE1V 2%=50/60/70/80/90

LCCT=10

Compound Annual Inflation Rate for Land Value

1 (Computational constant established by subprogram
1 of the forest growth model.)

Computational Factor for B1.X

Computational Factor for C1.X

Years Since Planting Time at Current Computational
Instant (N.K is computed by subprogram 2 of the
forest growth model.)

Inflation Rate Hatio

Inflation Rate Factor CLIP Function (D1.K is assigned
the value of C1.K if LCCT is greater than 5 or D1.X
is assigned a value of 1 if LCCT is less than 5.)
Total Inflated Land Value at ¥ Years After Planting
Time

Miscellaneous Inflated Land Value

Miscellaneous Inflation Factor

Miscellaneous Inflation Factors for Subsequent Years
After Planting Time

Land Value at Planting Time
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TE1VP% =  Land Values at Planting Time Relative to 5ite Index

SITEI.X = Site Index of Land (Value is assigned by subprogram 1
of the forest growth model.)

LCCT = Control Factor for Use of Compound Inflation Rate

Subprogran 16

The stumpage price of wood (cost of unharvested wood) generally
increases with time due to economic facters. The sturpage price, at sub-
sequent yvears after planting, is considered a function of inflstion and
the stumpage price at planting time (TE2B2). The stumpage price at
planting time (TE2B2) is aspproximated at § dollars per cord. Stumpage
price inflation is determined by a miscellaneous inflation factor (TE2R1)
and an inflation rate factor (D2).

The miscellaneous inflation factor (TE2B1) is assigned values by
a TAELE function that is included in the model to specify stumpage prices
at subsequent years after planting time. This factor can bé used to
account for special influences in conjunction with the inflation rate
factor (D2); or it can be used to totally account for increases in the
stumpage price. The special influences are considered to be caused by
factors related to supply and demand. This work does not consider special
cases of supply and demand, and the stumpage price is assumed to increase
at an annual compound inflation rate (72). In view of this, the miscella-
neous inflation factor (TE2B1) is assigned a value of unity at all cormu-
tational instants.

The inflation rate ratio (C2) is computed at an anmual compound
inflation rate (I2) of 3 percent. The inflation rate ratio, at N years

after planting time, is computed by the following egquation:
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M
cz2 = (1 + 12)

A CLIP function is used tc control the use of the compeund inflation
rate. The CLIP function is controlled by the value of SPCT. If use of
the anmual compound inflation rate is desired, SPCT is assigned a value
greater than 5 and the CLIP function assigns D2 the value of C2. If use
of the annual compound inflation rate is not desired, SPCT is assigned a
value less than 5 and the CLIP function assigns D2 a value of 1.

The miscellancous inflated stumpage price (TE2) is computed as the
product of the miscellaneous inflation factor (TE2B1) and the stumpage
price at planting time (TE?B2). The total inflated stumpage price (E2)
is computed as the product of the miscellaneocus inflated stumpage price
(TE2} and the inflation rate factor (D2}.

The computations are summarized as follows:

C I2=.03

TA  A2.K=P+12

26A B2.K=(N.K)LOGN (42.K)

284 C2.K=(P)EXP(B:.K)

514 P2.K=CLIP(+C2.K,+P,+SPCT,+5)

12A E2.K=(D2.K)(TE2.X)

12A TE2.K=(TE2B1.K) (TE2B2.K)

59A TE2B1.K=TABLE(TE2V1,N.K,0,40,L0)
C TE2V 14=1/1

c TE2B2=8.C0
C SPCT=10

12 = Compound Inflation Rate for Stumpage Price

P = 1 (Computational constant established by subprogram 1
of the forest growth model)

42.X =  Computational Factor for B2.K

B2.K = Computational Factor for GC2.K

N.K = Years Since Planting at Current Computational Instant
(N.X is computed by subprogram 2 of the forest growth
model. )

c2.X = Inflation Rate Ratio

D2.X = Inflation Rate Factor CLIP Function (D2.XK is assigned

the value of C2.K if SPCT is greater than 5 or D2.K
is assigned a value of 1 if SPCT is less than 5.)
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E2.K =  Total Inflated Stumpage Price at Current Computational
Instant
TEZ.X = Miscellaneous Inflated Stumpage Price

TEZB1.E = liscellaneous Inflation Factor

TEW1¢ = Miscellaneous Inflation Factors for Subsequent Years
After Planting Time

TE2B2 =  Stumpage Price ai Planting Tinme

SPCT = Control Factor for Use of Compound Inflation Ratc

Subprogzran 17

The annual property tax (E3) per acre of forest land is computed
as a function of wood volume per acre (V3Il), miscellaneous inflation
factor (TE3BE1), snd inflation rate factor (D3). The property tax is
paid at the end of the applicable year at the rate determined at the Le-
ginning of the year.. The tax years are assuned ceincident with 1 year
increments after planting.

The assessed value of forest land {or taxation is based on the
volume of wood (V3IL) on the land. The tax rate (TE3B?) on forest land,
at planting time, is .50 of a dollar per acre per year if the land is
estimated to have less than 2050 cubic feet of wood per acre. If there
are an estimated 250 to 4,000 cubic feet of wood per acre, the tax rate
is placed at 1 dollar per acre per year. For land with more than L,000
cubic feet of wood per acre, the tax rate is 1.50 dollars per acre per
year. These annual tax rates are based on typical property tax rates on
forest land in ¥Middle Georgia at the time of this werk.

The miscellaneous inflation factor (TE3B1) is assigned values by
a TABLE function that is included in the model t¢ specify tax rates at
subsequent years after planting time. This factor can be used to acecount
for special influences in conjunction with the inflation rate factor

(D3), or it can be used to totally account for inflation of taxes. The
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special influences are to be used to account for influences such as
local economic developments. This work does not consider special cases
of inflation and the tax rate is assumed to incresse at an anneal compound
inflation rate (I3). In view of this, the miscellaneous inflation factor
(TE3B1) is assigned a value of unity at all computational instants.

The inflation rate rgtio (¢ is computed at an annual compound
inflation rate (I3) of 3 percent. The inflation ratic at ¥ years after

planting time is computed by the following equation:
R
€3 =1 + I13)"

A CLIP function is used to control the use of the compound inflation

rate. The CLIP function is controlled by the value of TRCT. If use of
the annual compound inflation rate is desired, TRCT is assigned a value
greater than 5 and the CLIP function assigns D3 the value of C3. If

use of the annual compound inflation rate is not desired, TRCT is assigned
a value less than 5 and the CLIP function assigns D3 a value of 1.

The miscellaneous inflated annual tax rate (TE3) is computed as
the product of the miscellaneous inflation factor (TE3B1) and the tax rate
(TE3B2) at planting time. The total inflated annual tax rate (E3) is
computed as the product of the miscellaneous inflated annual tax rate
(TE3) and the inflation rate factor (D3).

The annual taxes are invested at planting time at typical bank
deposit rates (I10). The annual taxes (E3) remain on deposit until re-
quired. Subprogram 21 computes a discount factor (D10) to discount the
total inflated annual tax rate (E3) to the related value (F3) at planting

time. The discounted annual tax rate (F3) is delayed for 1 year (the
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next computational instant} to account for the taxes being paid at the end

of the applicable year. The cummulated discounted annual tax (H3) is

computed by summing the discounted total inflated annual tax rates (F3)

after they have been delayed 1 computational interval.

These computations are sumarized as follows:

C
TA
294
284
514
124
124
E9A
C
504
C
12R
1L
6N
C
I3 =
P =
A3 K =
B3.K =
N.K =
C3.K =
D3.K =
E3.X =
TE3.K =
TE3R1.XK =
TEIWi® =
TE3B2.K =
TE3V2# =
v3iilh.X =

F3.KL

13=.03

A3.K=P+I3

B3.K=(N.K)LOGN (43.K)

C3.X=(P)EXP(B3.X)
D3.K=CLIP(+C3.K,P,TRCT,+5)
E3.X=(D3.X)(TE3.K)

TE3.K=(TE3B1.K) (TE3B2.K}
TE3B1.K=TABLE(TE3V1,N.K,0,L0,Lk0)
TE3V1%=1/1

TE3B2.K=TABHL(TE3V2,V 314.K,500,4000, 250)
TE3V2:=0.50/1/1/1/1/1/1/1/1/1/1/1/1/1/1.50
F3.KL=(E3.K) (D10.X)
H3.K=H3.J+(DT ) (+F3.JK+Q)

H3=0

TRCT=10

Compound Annual Inflation Rate for Annual Tax Rate

1 (Computational constant established by subprogram 1
of the forest growth model.)

Computational Facter for B3.K

Computational Factor for C3.K

Years Since Planting at Current Computational Instant
(N.X is computed by subprogram 2 of the forest growth
model.) :

Inflation Rate Ratio

Tnflation Rate Factor CLIP Function (D3.K is assigned
the value of C3.K if TRCT is greater than 5 or D3.K is
assigned a value of 1 if TRCT is less than 5.)

Total Inflated Annual Tax Rate at Current Computational
Instant

Miscellaneous Inflated Annual Tax Rate

Miscellaneocus Inflation Factor

Mjscellaneous Inflation Factors for Subsequent Years
After Planting Time

'TABHL, Function for Tax Rate per Acre at Planting Time

Tax Rate per Acre at Planting Time Relative to Wood
Volume on the Land

Wood Volume per Acre (V3IL.K is in cubic feet and is
computed by subprogram 12 of the forest growth model.)
Discounted Annual Tax Rate
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D10.K = Discount Factor (D1C.K is computed by subprogram 21.)

H3.K = Cummulative Discounted Annual Tax at Current
Computational Instant

TRCT =  Control Factor for Use of Compound Inflation Rate

Subprogram 18

The annual management expense accounts for items such as inspection
and treatment for disease and insects, fire protection, and management
records. The management cost is computed at the beginning of the applic-
able years. The anmual manzagement expense funds are made available at
the beginning of the applicable years. Forest management cost at planting
time (TELB2) is estimated at 1.50 dollars per acre.  The forest manage-
ment cost 1s increased at subsequent years due to the miscellaneous in-
flation factor (TELB1) and the inflation rate factor (D4). The annual
management cost (EL) is computed for the next computational instant. The
management cost is made available at the begimiing of the applicable year
and expended between the applicable year and the next year.

' The miscellaneous inflation factor (TELB1) is assigned values by
a TABLE function that is included in the model to specify management cost
at subsequent years after planting time. This factor can be used to ac-
count for special influences in conjunction with the inflation rate factor
(DL), or it can be used to totally account for increases in annual manage-
ment cost. The special influences are to be used to account for costs
such as the treatment of abnormal disease or insect infestation. This
work does not consider special cases and the annual management cost is
assumed to increase at an amnual compound inflation rate (IL). In view
of this, the miscellaneous inflation factor (TELB1) is assigned a value

of unity at all computational instants.
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The inflation rate ratio (Cl) is computed at an annual compound
inflation rate (IL) of 3 percent. The inflation ratio, at N1 years (the
next computational instant) after planting time, is computed by the

following equation:
ch = (1 + M

A CLIP function is used to control the use of the compound inflation
rate. The GLIP function is controlled by the value of MCCT. If use of
the annual compound inflation rate is desired, MCCT is assigned a value
greater than 5 and the CLIP function assigns Dl the value of Ch. If
use of the annual compound inflation rate is not desired, MCCT is as-
signed a value less than 5 and the CLIP function assigns DL a value of 1.
The miscellaneous inflated annual management cost (TEL) is com-
puted as the product of the miscellaneous inflation factor (TELB1) and
the manapgement cost (TELB2) at planting time. The total inflated annual
management cost (Eli) is computed as the product of the miscellaneous
inflated annual management cost (TEL) and the inflation rate factor (D).
The annual management cost is invested at planting time at typical
bank deposit rates (I10). The annual management cost (EL)} remains on de-
posit until required. Subprogram 21 computes a discount factor (D10) to
discount the total inflated annual management cost (EL) to the related
value (Fh%ﬂ) at planting time. The discounted annual management cost
(Fh#1) is computed for the next computational instant. The discounted
annual management cost at the next computational instant (Fhx1) is delayed
1 computational interval to compute the discounted annual management cost

at the current computational instant (GL). The annual management cost is
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made available at the beginning of the applicable year and expended be-

tween the applicable year and the next year. Therefore, the discounted

annual management cost at the current computational instant (GL) is de-

layed 1 computational interval and added to the cummulative discounted

annual management cost (HL).

These computations are summarized as follows:

c
TA
204
2BA
514
124
124
594
C
C
C
124
37B
C
éR
1L
Ih =
P =
ALK =
BL.X =
N1.K =
ch.K =
Dth =
EL.K =
TEL K =
TELRT K =
TEIV1% =
TELB? =

IL=.03

AL K=P+I)

Bl K=(¥1.K)L0GN (AL .K)
CL.K=(P)EXP(BL.X)

DL .K=CLIP(+CL.X,P,MCCT,+5)
Eh.K=(Dh.K)(TEh.K5
TEL.K=(TELBR1.K) (TELB2.K)
TELB1.K=TABLE (TELV1,N1.K,1,41,L0)
TELV13=1 /1

TELB2=1.50

MCCT=10

Fl#l K=(E,.K)} (D10.K)
FL.XK=BOXLIN(2,1)
Fl#=1.50/1.50
GL.KL=Fl#2.X

"L .K=HY.J+{DT) (+GL,.JK+Q)

Compound Armual Inflation Rate for Annval Management
Cost

1 (Computational constant established by subprogram 1
of the forest growth model.)

Computational Factor for BL.K

Computational Factor for CL.K

Years Since Planting at the Next Computational Instant
(N1.X is computed by subprogram 2 of the forest growth
model. )

Inflation Rate Ratio

Inflation Rate Factor CLIP Function (DL.K is assigned
the value of CL.K if MCCT is greater than 5 or D4.X is
assigned a value of 1 if MCCT is less than 5.)

Total Inflated Annuzal Management Cost at Next Computa-
tional Instant

Miscellaneous Inflated Annual Management Cost
Miscellaneous Inflation Factor

Miscellaneous Inflation Factors for Subsequent Years
after Planting Time

Annual Management Cost per Acre at Planting Time
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Fh#1.X = Discounted Annual Management Cost at the Next
Computational Instant

Fii.X =  Helps Fl»2.K Delay FL#1.K Values 1 Computational
Interval

Flpe2. K = Helps FL.K Delay FL%1.K Values 1 Computational Interval

Pl = TInitial Values of Fli.K

D10.K = Discount Factor {D10.K is computed by subprogram 21.}

GL4.KL = Discounted Annual Management Cost at the Current
Computational Instant

gh.X = Cummlative Discounted Annual Management Costs Expended
at Current Computational Instant

MCCT = Contrel Factor for Use of Compound Inflation Rate

Subprogram 19

The proposed harvester operating cost at planting time (TE5B2) is
estimated to be 30 dellars per hour. Computation of this cperating cost
is summarized in Appendix II. The estimated harvester operating cost,
at planting time, is based on current component costs, their related
operating cost, and current harvester assembly cost at planting time.

The harvester operating cost at subsequent years after planting time (ES)
is expected to increase relative to the miscellanecus inflation factor
(TE5B1) and the inflation rate factor (D5).

The miscellaneous inflation factor (TESB1) is assigned values by
a TABLE function that is included in the model to specify harvester
operating cost at subsequent years after planting time. This factor can
be used to account for special influences in conjunction with the infla-
tion rate factor (D5), or it can be used to totally account for increases
in the harvester operating cost. The special influences can be abnormal
fluctuations in the national economy which affect the inflation rate.
This worlk does not consider special cases and the harvester operating
cost is assumed to increase -at an annual compound inflation rate (I5).

In view of this, the miscellaneous inflation factor (TESB1) is assigned
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a value of unity at all computational instants.
The inflation rate ratio (C5) is computed at an annual compound
inflation rate (I5) of 3 percent. The inflation ratio, at I years after

planting time, is computed by the following equation:
T
o5 = (1 + 15)°

A CLIP function is used to control the use of the compound inflation
rate. The CLIP function is controlled by the value of MOCT. If use of
the annual compound inflation rate is desired, MOCT is assigned a value
greater than 5 and the CLIP function assigns D5 the value of C5. If
use of the annual compound inflation rate is not desired, MOCT is as-
signed a value less than 5 and the CLIP function assigns D5 a value of 1.
The miscellaneous inflated harvester operating cost (TES) is com~
puted as the product of the miscellaneous inflation factor (TES5B1) and
the harvester operating cost at planting time (TESB2). The total in-
flated harvester operating cost (E5) is computed as the product of the
miscellaneous inflated harvester operating cost (TES) and the inflation
rate factor (D5). All of the above harvester operating costs are hourly
rates.
These computations are summarized as follows:

C  I5=.03

TA  AS5.K=P+I5

294 B5.K=(N.K)LOGN(AS.K)

284 C5.K=(P)EXP(B5.K)

514 D5.K=CLIP(+C5.K,P,MOCT,+5) .

124 E5.K=(D5.K)(TES5.K)

224 TE5.K(TE5B1.K)(TE5B2.K)

594 TESB'.K=TABLE(TESV1,N.K,0,L40,L40)

c TESV13¢=1/1
G TES5B2=30.00
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C MOCT=10

15 =  Compound Annual Inflation Rate for Harvester Cperating
Cost

P = 1 (Computational constant established by subprogram 1
of the forest growth model.)

A5.K = Computaticnal Factor for B5.K

BE.K =  Computational Factor for C5.K

N.K = Years Since Planting at Current Computational Instant
(M.K is computed by subprogram 2 of the ferest growth
model.)

Co.K = Inflation Rate Ratio

D5.K =  Inflation Rate Factor CLIP Function (DS.X is assigned
the value of C5.K if MOCT is greater than 5 or DS.K
is assigned a value of 1 if IMOCT is less than 5.)

ES.X = Total Inflated Harvester Operating Cost per Hour at

: Current Computational Instant

TE5.K = IMiscellaneous Inflated Harvester Cperating Cost per
Hour

TESB1.K = Miscellaneous Inflation Factor

TESVis# = Miscellaneous Inflation Factors for Subsequent Years
after Planting Time

TESB2 = Harvester Operating Cost per Hour at Planting Time

MOCT = Control Factor for Use of Compound Inflation Rate

Subprogram 20

The harvesting cost per cord is a function of tree and forest
characteristics. In view of this, an allowance is made for the harvest-
ing cost ner cord (V3I16 computed by subprogram 13). When this price
(V3I16) exceeds the inflated harvesting cost per cord allowance at
harvesting time (E6), the stumpage price at harvesting time (E2 computed
by subprogram 16) is reduced accordingly by subprogram 22 which computes
an adjusted stumpage price at harvesting time (V3I?2). When the harvest-
ing cost is less than the allowance, the stumpage price is increased
accordingly. The harvesting cost allcwance at planting time (TE6B2) is
placed at 1.50 dollars per cord. The harvesting cost allowance at sub-
sequent years after planting time (E6) is increased relative to the mis-

cellaneous inflation factor (TE6B1) and the inflation rate factor (D6).
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The miscellanecus inflation factor (TE6DB1), that is assipgned values
by a TABLE function, is included in the mecdel to specify harvesting cost
allowance at subsequent years after planting time. This Factor can be
used to account for special influences in conjunction with the inflation
rate factor (Dé), or it can be used to totally account for increases in
harvesting cost allowance. The special influences can be used to account
for the affects of abnormal terrain and abricrmal fluctuations in the
economy. This worl does not consider specizl cases and the harvesting
cost allowance is assumed to increase at an ammual compound inflation
rate (I5). In view of this, the miscellaneous inflation factor (TE6B1)
is assigned a value of unity at all computational instants.

The inflation rate ratio (CS) for the harvester operating cost
(computed by subprogram 19) is used as the inflation rate ratio for the
harvesting cost allowance at subsequent years after planting time. The
harvester operating cost and the harvesting cost allowance.increase at
the same annual compound inflation rate.

A CLIP function is used to control the use of the compound infla-
tion rate. The CLIP function is controlled by the value of HECT. If
use of the annual compound inflation rate is desired, HCCT is assigned a
value greater than 5 and the CLIP function assigns D6 the value of CS5.

If use of the anmual compound inflation rate is not desired, HCCT is
assigned a value less than 5 and the CLIP function assigns D6 a value of
1.

The miscellaneous inflated harvesting cost allowance per cord (TES)

is computed as the product of the miscellaneous inflation factor (TE4B1)

and the harvesting cost allowance per cord at planting time (TE6B2). The
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total inflated harvesting cost allowance per cord (E6) is computed as

the product of the miscellaneous inflated larvesting cost allowance per

cord (TE6) and the inflation rate factor (D6).

These computations are summarized as follows:

S1A

124

274

594

C

C

c
P =
CSIK =
D5.K =
E6.K =
TE5 X =
TE6B1.K =
TE6VI# =
N.K =
TE6B? =
HCCT =

Subprogram 21

D€ .K=CLIP(+C5.K,P,HCCT ,+5)
E6.K=(D6.X) (TE6.K)
TE6.K=(TE6B1.K) (TE6B2.K)
TE6B1.K=TABLE(TE6V1,N.K,0,40,L0)
TE6VI %=1 /1

TE6B2=1,50

HCCT=10

1 (Computational constant established by subprogram 1
of the forest growth model.)

Inf%ation Rate Ratic (C5.K is computed by subprogram
19

Inflation Rate Factor CLIP Function (D6.K is assigned
the value of C5.K if HCCT is greater than 5 or D6.K
is assigned a value of 1 if HCCT is less than 5.)
Total Inflated Harvesting Cost Allowance per Cord at
Current Computational Instant

Miscellaneocus Inflated Harwvesting Cost Allowance per
Cord

Miscellaneous Inflation Factor

Migcellaneous Inflation Factors for Subsequent Years
After Planting Time

Years Since Planting at Current Computational Instant
(N.X is computed by subprogram 2 of the forest growth
model.)

Harvesting Cost Allowance per Cord at Planting Time
Control Factor for Use of Compound Inflation Rate

The follow-on forest expenses are identified as the amual tax and

the annual management costs. In the case of the private landowner, these

expenses are invested at planting time at typlcal bank deposit interest

rates (I10). These funds remain on deposit until they are required each

year. The initial value of the annual expenses is computed by discount-

ing their value at subsequent years to the value at planting time.
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The discount factor (D10) is computed at the bank deposit rate (I10).

Subprogram 17 computes the annual tax and the discounted value at
planting time. The annual tax 1s computed at the beginning of applicable
years. The armual tax remains on deposit until it is paid at the end of
the applicable years (next computational instants).

Subprogram 18 computes the annual management cost and the dis-
counted value at planting time. The annual management cost is computed
for the next year (next computational instant) and then delayed until the
next year (next computational instant)}.

The bank deposit rate (I10) is estimated at a 5 percent annual
compound interest rate. Thls interest rate is based on typical bank de-
posit rates at the time of this work. The related discount factor (D10)
at the next computational instant (N1) is computed by the following

equation:
D10 = 1/(1 + o)

This discount factor (D10) is used by subprograms 17 and 18 to discount
the anmual tax and the annual management costs to their related values
at planting time.
These computations are summarized as follows:
¢ - I10=.05
TA  A10,.K=P+I10
294 B10.K=(N1.K)LOGN(+A10.K)

284 C10.K=(P)EXP(B10.K)
204 D10.E=P/C10.K

I10 Compound Annual Interest Rate on Bank Deposits

P = 1 {Computational constant established by subprogram 1
of the forest growth model.)

A10,K = Computational Factor for B10.XK
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B10.K = Computational Factor for C10.K
C10.X = Ccmpound Interest Rate Ratio
D10.K = Discount Factor at Next Computational Instant

Subprogram 22

The private landowner's management objective for his forest is
assumed to be the maximum rate of return on investment. The rate of re-
turn on investment is determined relative to harvesting cost and forest
planning and management alternatives. The rate of return (V3130) is
computed from the ratio (V3I27)of the total asset value at subsequent
years after planting (adjusted for harvesting cost) to the total value
at planting time (NIV) of ail investments and expenses.

The total asset value per acre (V3I2L) at subsequent years afﬁer
planting is the sum of the land value per acre {E1) and the harvestable
yield value per acre adjusted for harvesting cost (V3I23). The land
value per acre (E1) is computed by subprogram 15 as a function of in-
flation. The harvestable yield value per acre (V3I23) is computed as the
product of the harvestable yield per acre (V3I60) and the stumpage price
adjusted for harvesting cost (V3I22). The harvestable yield in cords per
acre (V3I60) is computed by subprogram 12 of the forest growth model. The
stumpage price adjusted for harvesting cost (V3I22) is computed as the sum
of the total inflated stumpage price (E2) and the stumpage price adjust-
ment term for harvesting cost (V3I21)., The total inflated stumpage price
(E2) is computed by subprogram 16. The stumpage price adjustment term for
harvesting cost (V3I21) is computed as the difference between the total
inflated harvesting cost allowance per c¢ord (E6) and the harvesting cost

per cord (V3I16). The total inflated harvesting cost allowance per cord
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(E6) is computed by subprogram 19 and the harvesting cost per cord (V3I16)
is computed by subprogram 13.

The initlal value at planting time of all investments and expenses
(INV) is computed by subprogram 1k, INV values are used both where site
clearance cost (SPC1) is and is not required.

The private landowner's rate of return (V3I30), when the forest is

harvested N years after planting time, is computed by the following equation:
V3130 = (v3127) /N - 1

The computations for the landowner's rate of return (V3I30) are

summarized as follows:

74 V3I21.K=V3I16.K-E6.K

7A  V3I22.K=E2.K-V3I21.K

128 V3I23.K=(V3I22.K)}{V3I60.K)

74 V3I2h.K=E1.K+V3I23.K

20A V3I27.K=V3I2L.K/INV.K

S1A  V3I32.K=CLIP(V3I27.X,1.0,V3I27.K,1.0)
294 V3I28.K=(NIV.K)LOGN(V3I32.K)

2BA V3I29.K=(P)EXP(V3I28.K)

TA  V3I30,K=V3I29.K-P

V3I16.K = Harvesting Cost per Cord at Harvesting Time (V3I16.K
is computed by subprogram 13.)

E6.K = Total Inflated Harvesting Cost Allowance per Cord at
Harvesting Time (E6.K is computed by subprogram 20.)

V3IZ1.K = Stumpage Price Adjustment Term for Harvesting Cost

E2.K = Total Inflated Stumpage Price per Cord at Harvesting
Time

V3I22.K = Stumpage Price per Cord Adjusted for Harvesting Cost
at Harvesting Time

V3123.,K = Harvestable Yield Value ner Acre at Harvesting Time

V3I60.K = Harvestable Yield in Cords per Acre at Harvesting Time
(V3I60.K is camputed by subprogram 12 of the forest
growth model.)

E1.X = Total Inflated Land Value per Acre at Harvesting Time
(E1.K is computed by subprogram 15.)

V3I24.K = Total Asset Value per Acre at Harvesting Time

V3Izt7.K = Ratio of Total Asset Value per Acre at Harvesting Time

to Total Valve per Acre of All Investments and
Expenses at Planting Time
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NIV.X = Total Value per Acre of All Investments and Expenses
at Planting Time (NIV is computed by subprogram 1k.)
V3I32.K = CLIP Function (V3I32.K is assigned the value of V3I27.K
‘ when V3I27.X is equal to or greater that 1 or V3132.K
is assigned a value of 1 when V3I27.K is less than 1.)
V3I28.K = Computational Factor for V3I29.K
V3I29.K = Computational Term for V3I30.K
P = 1 (Computational constant is established by subprogram
1 of the forest growth model.)
V3I30.K = Private Landowner's Rate of Return on Forest

Investment and Expenses

Subprogram 23

The paper company's management objective for its forest is assumed
to be minimum wood cost. The paper company's cost of growing wood is
determined relative to harvesting c<ost and forest planning and management
alternatives. The wood cost per cord (CWC1L), adjusted for harvesting
cost relative to harvesting cost allowance, is computed as the sum of the
stumpage price adjuatment term for harvesting cost (V3I21) and the wood
growing cost (CWC13). The paper company's wood cost is determined when
funds are diverted into forest investments in lieu of industrial invest-
ments. Cases are considered where both site clearance is and is not re-
quired. The paper company's wood cost 18 also determined when the company
borrows funds for forest investments and expenses as they are required.
Site clearance iz required for all the cases considered when funds are
borrowed as needed. _

The stumpage price adjustment term for harvesting cost (V3I21) is
computed by subprogram 22. V3I21 is the.difference (positive if V3IV6
is more than E6 and negative for the converse) between harvesting cost
per cord at planting time (V3I16 as computed by subprogram 13) and the

harvesting cost allowance per cord at planﬁing time (E6 as computed by
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subprograﬁ 20,)

The wood growing cost per cord (CWC13) is computed by dividing
the total growing cost per acre (CWC12) by the harvestable cords per
acre (V3I60)., V3I60 is computed by subprogram 12 of the forest growth
model. The total wood growing cost per acre (CWC12) is the sum of

initial investment and expenses per acre (CWC6), cummulative annual

management cost expended per acre (CWChx2), cummulative annual tax cost
expended per acre (CWC1), and cumrmlative investment cost pér acre {CWC11)
minus the land value per acre at harvesting time (E1). The land value

at harvesting time (E1) is deducted to compute the actual growing cost.
The land value at planting time (E1) is computed by subprogram 15.

The initial investment and expenses per acre {CWCG) are the sum
of the initial land value per acre at planting time (ILV), combined site
preparation and planting cost per acre at planting time (SPPC), and site

| élearing cost per acre at planting time (SPC1). The initial land value_
at planting time (ILV) is computed by subprogram 15 as TE1B2 which is a
function of the land slte indeﬁ. The combined site preparation and
planting costs per acre at planting time is computed by subprogram 1l as
the sum of the site preparation cost per acre {SPC), tree seedling cost
per acre (TG), and tree seedling planting cost per acre (PC). The site
clearing cost per acre at planting time (SPC1) is determined in subpro-
gram k.

The total inflated ammual management cost at the next computa-
tional instant (EL) is computed by subprogram 18. Since this anmual
management cost (BEL) is computed for the next computational instant, it

is delayed to the next computational instant and added to the cummulative
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inflated annual menagement cost per acre required at the current
computational instant (CWC2). The annual management cost is made avail-
able at the beginming of the applicable year and expended between the
current computational instant (applicable year) and the next computational
instant (next year). In view of this, the cummlative inflated annual
management cost per acre required at the current computational instant
(CWC2) is delayed to the next computational instant to determine the
cummilative inflated annual management cost per acre (CWCL#2) expended

at the current computational instant.

The total inflated anmnual tax rate per acre at the current com-
putational instant (E3) is computed by subprogram 17. The annual tax
rate is computed at the beginning of the applicable year and paid at the
end of the year. In view of this, the total inflated annual tax rate per
acre (E3) is delayed to the next computational instant and added to the
cummulative annual tax cost to determine the cummulative inflated annual
tax éost per acre (CWC1) at the current computational instant.

The cummulative investment cost per acre (CWC11) is determined by
the cummilative interest on funds invested in the forest. The investmmnf
cost at the next computational instant (CWC9) is the product of the inter-
est rate (CWCB) and the total investment value at the current computa-
tional instant (CWC7). The total investment value at the current computa-
tions) instant (CWC7) is the sum of the initial investment and expenses
per acre (CWC6), the combined cummlative tax and management cost axpended
at current computational instant (CWCS), and the cummulative interest at
the current computational instant (CWC11).

The interest rate (CWCB) is assigned a walus of 6 percent if the
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paper company borrows funds as needed for forest investments and expenses.

The interest rate (CWCB) is assigned & wvalue of 9 percent to represent

lost profits after taxes if the paper company diverts funds from indus-

trial investments into the forest.

The investment cost at the next computational instant (CWC9) is

delayed until the next computational instant., The delayed values of CWC9

are added to the past cummlative interest to determine the cummulative

interest at the current computational inatant (CWC11).

These computations are summarized as follows:

6R
S1L
6N
6R
511
6N
6a
37B
c
7A
8a
84
12R
c
SI1L
6N
104
204
TA

E3.K =

K3.KL =

CWC1,K =
Ehk =

K3.KL=E3.K

CWC1 .K=CWC1,J+(DT) (K3.JK+0)
CWC1=0

Kllo KL‘E’J. X

CWC2.K=CWC2, J+(DT) (KL . JK+0)
CWC2=1,50

CWCL*1 .K=CWC2 K

CWCL .K=BOXLIN(2,1)

CWClL#=0/0

CWC5.K-CWC1 . K+CWC2.K
CWC6.K=ILV,K+SPPC,K+SPC1.K

CWC7 . K=CWC6 .K+CWC5, E+CWC11.K
CWC9 . KL= (CWC8.K) (CWC7.K)

CWC11 .K=CWC11.J+(DT) (CWC9.JK+0)
CWC11=0

CWC12 . K=CWC6 . K+CWCL#2 ,K+CWC1 . K+CWC11 K-E1 . K+0
CWGC13,.K=CWC12,K/V3I60.K

CWC1k , K=CWC13 ,K+V3I21.K

Total Inflated Anmual Tax Rate per Acre at Current
Congmt.at.ional Instant (E3.K is computed by subprogram
17.

Tax Cost per Acre at Current Computational Imstant
(The tax cost at the current computational instant is
the tax rate computed at the prior computational
instant.)

Cummlatlive Inflated Annual Tax Cost per Acre at the
Current Computational Instant

Total Inflated Annual Management Cost per Acre at the

" Next Computationsl Instant (BL.K is computed by

subprogram 18.)



CWC2.K =
cwch*‘l .K-
CWCh.K =

CWCix =
CWCh*? K=

CWC5.K =
CW06.K

ILV.X

SPPC.X

SPCY =
CWCT7.X

CWC11.K
cwcs

]

CWC9.KL
CwC12.K

n

V3I60.K

n

E1.K

CWC13.K
V3I21.X =

n

fl

CWC1L.K

17

Cummulative Inflated Anmusl Management Cost per Acre
Required at the Current Computational Instant

Helps CWCL.K and CWCL*2.K Delay CWC2.X Values 1
Computational Interval

Helps CWCL#1.K and CWCL#2.K Delay CWC2.K Values 1
Computational Interval

Initial Values of CWCL.K

Cummlative Inflated Annual Management Cost per Acre
Expended at the Current Computational Instant
Cambined Cummulative Tax and Management Cost Expended
at Current Computational Instant

Initial Investments and Expenses per Acre at Planting
Time

Initial Land Value per Acre at Planting Time (ILV.K
ie assigned the value of TE1B2 by subprogram 1L and
TE1B2 is computed by subprogram 15.)

Combined Site Preparation and Planting Cost per Acre
at glanting Time (SPPC.K is computed by subprogram

1 -

Site Clearing Cost per Acre at Planting Time {SPCI
value is assigned by subprogram 14.)

Total Investment Value at the Current Computational
Instant

Cummulative Interest at the Current Computational
Instant

Interest Rate (CWC8 is the interest rate if funds are
borrowed as needed or CWC8 is the profit loss rate if
funds are diverted from industrial investments.)
Investment Cost at the Current Computationsl Instant
Total Wood Growing Cost per Acre at Current
Computational Instant

Harvestable Yield in Cords per Acre at Harvesting
Time (V3I60.K is computed by subprogram 12 of the
forest growth model.

Land Value at Harvesting Time (E1.K is computed by
subprogram 15.)

Total Wood Growing Cost per Cord

Stumpage Price Adjustment Term for Harvesting Cost
(V3121 .X is computed by subprogram 22.)

Total Wood Growing Cost per Cord Adjusted for Har-
vesting Cost Relative to Harwvesting Cost Allowance
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CHAPTER X
ECONOMIC MODEJ], EXPERIMENTATION AND RESULTS

The ecoﬁomic model is developed to economically evaluate the
proposed harvester design in conjunction with forest planning and manage-
ment alternatives relative to econumically oriented management objectives
by model experimentation.

The economic model experimentation is conducted for various
forest planning and management alternatives to determine the independent
landowner's rate of return, the paper company's wood cost, harvesting
cost, productivity of the harvester, and related data for these alterna-
tives. During the model experimentation, the initial planting density
(TPA) is varied from 200 to 1,000 trees per acre in 100 trees per acre
increments for site indices 4O, 50, 60, 70, and 80. The harvesting age
is varied from O to 4O years in 1 year increments for each of the plant-
ing densities on each site index.

The landowner's rate of return is computed for each of the forest
plamming and management alternatives when site clearance is required and
when it is not required. The results are plotted for harvesting ages
of 10 to 4O years and presented in figures as follows:

(1) Independent Landowner's Rate of Return on Forest Investment
and Growing Cost (Site Clearance Required) versus Age for Initial Plant-
ing Densities of 200 to 1,000 Trees per Acre on Land with: Site Index

40 is Figure 35, Site Index 50 is Figure 36, Site Index 60 is Figure 10,
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Site Index 70 is Figure 37, and Site Index 80 is Figure 38.

(2) Independent Landowner's Rate of Return on Forest Investment
and Growing Cost (Site Clearance Not Required) versus Age for Initial
Planting Densities of 200 to 1,000 Trees per Acre on Land with: Site
Index LO is Figure 39, Site Index 50 is Figure L0, Site Index 60 is
Figure 11, Site Index 70 is Figure L1, and Site Index 80 is Figure L2.

The paper company's wood cost, adjusted for harvesting cost, is
éomputed for each of the forest planning and management alternatives when
the company diverts funds from industrial investments (9 percent expected

profit) into forest investments. These computations are computed both

when site clearance is required and when it is not required. The results
are plotted for harvesting ages of 10 to L0 years and presented in figures
as follﬁws:

(1) Paper Company's Wood Growing Cost Utilizing Company Industrial
Funds (Site Clearance Required) versus Age for Initial Planting Densities
of 200 to 1,000 Trees per Acre on Land with: Site Index LO is Figure L3,
Site Index 50 is Figure LL, Site Index 60 is Figure 12, Site Index 70 is
Figure 45, and Site Index 80 is Figure L6.

(2) Paper Company's Wood Growing Cost Utilizing Company Industrial
Funds (Site Clearance Not Required} versus Age for Initial Planting Den-
sities of 200 to 71,000 Trees per Acre on Land with: Site Index LO is
Figure L7, Site Index 50 is Figure L8, Site Index 6C is Figure 13, Site
Index 70 is Figure LS, and Site Index 80 is Figure 50.

The paper company's wood cost is computed for each of the forest
planning and management alternatives when the paper company borrows funds

(at 6 percent interest) as they are required for forest investments and
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expenses. These computations are computed only when site clearance is
required. The results are plotted for harvesting ages of 10 to L0 years
and presented in fipures as follows:

Paper Company's Growing Cost per Cord at 6 Percen£ Interest on
Forest Investment and Growing Cost (Site Clearance Required) versus Age
for Initial Planting Densities of 200 to 1,000 Trees per Acre on Land
with: Site Index LO is Figure 51, Site Index 50 is Figure 52, Site Index

60 is Figure 1L, Site Index 70 is Figure 53, and Site Index 80 is Figure
sh.
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Figure 10. Independent Landowner's Rate of Return on Forest Investment
and Growing Cost (Site Clearance Required) versus Age for
Initial Planting Densities of 200 to 1,000 Trees per Acre on
Land with Site Index 60
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Figure 11. Independent Landowner's Rate of Return on Forest Investment

and Growing Cost (Site Clearance Not Required) versus Age
for Initial Planting Densities of 200 to 1,000 Trees per
Acre on Land with Site Index 60
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Figure 12. Paper Company's Wood Growing Cost Utilizing Company Industirial
Funds (Site Clearance Required) versus Age for Initial
Planting Densities of 200 to¢ 1,000 Trees per Acre on Land
with Site Index 60
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Figure 13. Paper Company's Wood Growing Cost Utilizing Company Industrial

Funds (Site Clearance Not Required) versus Age for Initial
Planting Densities of 200 to 1,000 Trees per Acre on Land
with Site Index 60
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Figure 1L. Paper Company's Wood Growing Cost per Cord at 6 Percent
Interest on Investment and Growing Cost (Site Clearance
Required) versus Age for Initial Planting Densities of
200 tc 1,000 Trees per Acre on Land with Site Index 60
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CHAPTER XTI
DISCUSSION OF THE RESULTS

The harvester simulation medel is used to determine the proposed
harvester processing time per tree as a function of tree and forest
characteristics (tree location and size). The results of the harvester
simlation model experimentation cre summarized in Tables 2 and 3.

The forest growth model is used to determine tree and forest
characteristics (tree diameter, height, volume, weight, and distribution
density) as a function of forest planning and management (planting den-
sity, site index, and tree age). The results of the forest growth model
experimentation are sumarized in Figures L through 9 and 15 through 3k.

The economic model is used to economically evaluate the proposed
harvester design in conjunction with forest planning and management alter-
natives. This economic model utilizes the results of the forest growth
model to determine tree and forest characteristics related to forest
planning and management alternatives. The resulis of the harvester simula-
tion model are utilized to determine the harvesting cost related to the
tree and forest characteristics. The economic model also determines forest
growing cost and forest value related to the forest planning and manage-
ment altermatives, The economlc evaluation is based on the maximum rate
of return on forest investments and growlng cost for the private landowner
and minimum wood growing cost for the paper company. The landowner's
rate of return 1s determined relative to the forest planning and manage-

ment altermatives where site clearing cost 1s both required and not
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required. The paper company's wood growing cost is determined relative
to the forest planning and management alternatives when the paper
company diverts industrial funds into forest investments and when the
peper company borrows funds for forest investments. The paper company's
wood growing cost (where funds are diverted from industrial investments)
is determined for cases where site clearance is required and where 1t

is not required. The paper company's wood growing cost (where funds
are'borrowed) is determined only for cases where site clearance is re-
quired. The results are summarized in Figures 10 through 1L and 35
through Sh.

The data developed by the eccnomic model are reviewed to identify
the forest plamning and management alternatives (in conjunction with the
harvester design) that optimize the economic objectives of the independent
landowner (maximum rate of return) and the paper company (minimum wood
growing cost). The tree and forest characteristics, harvester performance
and operating cost, and related economic data are identified relative to
the optimal forest planning and management alternatives (initial planting
and harvesting age related to site index). The data are summarized in
Tables 10 through 1kL.

Data for the independent landowner with site index 4O are not pre-
sented in Tables 10 and 11 because the rates of return do not peak at
L0 years (age limit of the simulation). Projections of the rate of return
curves for site index LO indicate the rates of return are less than §
percent, which 18 considered a poor investment.

The land site index has a major affect on the rate of return and

wood growing cost. The low slte indlces result in marginal rates of




Table 10. Summary of Data Related to Maximum Rate of Return for the

Independent Landowner When Site Clearance Is Required

Maximum Rate of Return (Percent)
Harvesting Age (Years)

Initial Planting Density (Trees per Acre)

Survival at Harvesting Time (Percent)
Tree D.B.H. (Inches)

Tree Height (Feet)

Tree Weight (Pounds)

Harvestable Yield Average {Cord/Acre/Year)

Harvestable Yield Percentage of
Maximum Yield

Harvester Operating Time (Seconds per Tree)

Man-Harvester Production Rate (Cords/
Man-Harvester Hour)
Harvesting Cost (Dollars per Cord)
Fquivalent Harvesting Cost at Planting
Time (Dollars per Cord)
Harvesting Cost Allowance (Dollars per
Cord)

Stumpage Price at Harvesting Time
(Dollars per Cord)

Adjusted Stumpage Price for Harvesting
Cost (Dollars per Cord)

Change in Stumpage Price Due to
Harvesting Cost (Percent)
Stumpage Price at Harvesting Time plus
Harvesting Cost Allowance

(Dollars per Cord)

Harvesting Cost Percentage of Combined
Stumpage Price and Harvesting
Allowance

158

Site Index

50 60 70 80
5.7 7.30 9,02 10.78
36 28 22 18
Loo 500 600 700
66 70 74 76
9.73 9,12 8.57 8.19
58 63 65 66
8Lk go2 728 666
1.15 1,86 2.7 3.64L
99 98 97 57

23 21 19 18
2L 25,6 25.0 2h.0
3.56 2.68 2.30 2.13
1.23 1,17 1.20 1.25
L.35 3.L3 2,88 2.58
23,19  18.30 15,32  13.62
23,98 19.05 15.90 1L.07
+3.L +1.1 +3.8 +3.3
27.5h  29.73  18.20 16.20
12,9 12.3 12,62 13,15
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Table 11, Summary of Data Related to Maximum Rate of Return for the
Independen’ Landowner When Site Clearance Is Nct Required

Site Index
50 60 70 80

Maximum Rate of Return (Percent) 6.13 7.86 9.68 11,55
Harvesting ige (Years) 32 25 21 18
Initial Planting Density (Trees per Acre) 500 6CQ 700 700
Survival at Harvesting Time (Percent) 68 72 74 76
Tree D.B.H. {Inches) 8.39  8.03 7.9 8.19
Tree Height (Feet) 56 60 6L 66
Tree Weight (Pounds) 585 576 595 666
Harvestable Yield Average (Cord/Acre/Year) 1.15 1.83 2.7 3.6L
Harvestable Yield Percentage of

Maximum Yield 99 98 97 97
Harvester Operating Time (Seconds per Tree) 21 19 19 18
Man-Harvester Production Rate (Cords/ :

Man-Harvester Hour) 19.0 19.85 21.4 240
Harvesting Cost (Dollars per Cord) k.06 3.16 2,60 2,13
Egquivalent Harvesting Cost at Planting

Time (Dollars per Cord) 1,58 1.51 1.40 1.25
Harvesting Cost Allowance {Dollars per Cord)3.86 3.4 2.79 2.58
Stumpage Price at Harvacting Time

(Dollars per Cord) 20.60 16,75 1L4.89  13.62
Adjusted Stumpage Price for Harvesting

Cost (Dollars per Cord) 20,L0  16.73  15.09  14L.07
Change in Stumpage Price Due to

Harvesting Cost (Percent) -1.0 -0 +1.29 +3.3
Stumpage Price at Harvesting Time plus

Harvesting Cost Allowance

(Dollars per Cord) 26 19.89  17.68  16.20
Stumpage Price and Harvesting Allowance 16.7 15.9 4.7 13.15
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Table 12. Summary of Data Related to Minimum Wood Cost for the Paper
Company When Site Clearance is Required and the Paper Company
Utilizes Industrial Funds for Forest Investments and Growing
Lxpenses

Site Index
Lo 50 60 70 80

Minimm Wood Cost Adjusted for Har-
vester Cost (Dollars per Cord) 80.51 37.52 21.0L 13.06 8.60

Harvesting Age (Years) 2h 21 20 19 18
Initial Planting Density (Trees ver

Acre) 800 200 800 800 700
Survival at Harvesting Time (Percent) 72 73 Th 75 76
Tree D.B.H. (Inches) 5.12 5.55 &6.49 7.19 8.19
Tree Height (Feet) 39 LS 53 60 - 66
Tree Weight (Pounds} 114 175 310 L50 666
Harvestable Yield Average (Cords/

Acre/Year) .5 1.02  1.71 2.63 3.6k
Harvestable Yield Percentage of

Maximum Yield 88 87 90 ol 95
Harvester Operating Time

(Seconds per Tree) 16 16 17 18 18
Man-Harvester Production Rate (Cords/

Man-Harvester Hour) L.6L 7.2 12.15 17.15 24.0
Harvesting Cost (Dollars per Cord) 13.19 7.75 L.h6 3.65 2.13
Fquivalent Harvesting Cost at Planting

Time (Dollars per Cord) 6.L7 L.17  2.47 1.75  1.25
Harvesting Cost Allowance

{Dollars per Cord) : 3.05 2.79 2.71  2.63 2.58
Stumpage Price at Harvesting Time

(Dollars per Cord) 16.29 14.89 14.43 1L.02 13.62

Wood Growing Cost Adjusted for Har=-
vesting Cost plus Harvesting
Cost Allowance (Dollars per
~ Cord) 83.56 40.31 23.75 15.69 11.18
Harvesting Cost Percentage of Combined
Wood Growing Cost Adjusted for
Harvesting Cost plus Harvesting
Cost Allowance 15.8 19.3 18.8 23.3 19.1




161

Table 13. Summary of Data Related to Minimum Wood Cost for the Paper
Company When Site Clearance Is lot Reguired znd the Pzper
Company Utilizes Industrial Funds for Forest Investments and
Growing Ixpenses

Site Index
Lo 50 60 70 80

Minirnum Wood Cost Adjusted for Har-
vesting Cost (Dollars per Cord) 67.37 31.71 17.76 11.00 7.16

Harvesting Age (Years) 23 21 20 20 18
Initial Planting Density (Trees per

Acre) 700 800 80G 700 700
Survival at Harvesting Time (Percen:t} 7L 7L 7L 75 76
Tree D.B.H. (Inches) 5.16 5.71 6.k 7.70 8.19
Tree Height (Feet) 38 L5 53 62 66
Tree Weight (Pounds) 112 188 310 sh3 666
Harvestable Yield Average (Cords/

Acre/Year) 47 .98 1.71  2.63  3.6L
Harvestable Yield Percentage of

Minimm Yield Th 85 90 al 97
Harvester Operating Time

(Seconds per Tree) 17 17 17 18 18
Man-Harvester Production Rate (Cords/

Man-Harvester Hour) L.55 7.6 12.15 19.85 24
Harvesting Cost (Dollars per Cord) 13.02 7.32 L. 2.72  2.13
Equivalent Harvesting Cost at Planting

Time (Dollars per Cord) 6.60 3.9 2.47 1.51 1.25
Harvesting Cost Allowance

(Dollars per Cord) 2.96 2.79 2.71 2.7% 2.58
Stumpage Price at Harvesting Time

(Dollars per Cord) 15.79 14.89 1L4.43 1L.L3 13.62

Wood Growing Cost Adjusted for Har-

vesting Cost plus Harvesting

Cost Allowance (Dollars per

Cord) 70.33 3L.50 20.47 13.71 9.74
Harvesting Cost Percentage of Combined

Wood Growing Cost Adjusted for

Harvesting Cost plus Harvesting

Cost Allowance 18.6 21.2 21.8 19.8 21.¢9
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Table 14. Summary of Data Related to Minimm Wood Cost for the Paper
Company When Site Clearance is Required and the Pgper

Company Borrows Funds for Forest Investments and Growing

Ixpenses

Minimm Wood Cost Adjusted for Har-
vesting Cost (Dollars per Cord)

Harvesting Age (Years)

Initial Planting Density (Trees per
Acre)

Survival at Harvesting Time (Percent)

Tree D.B.H. (Inches)

Tree Height (Feet)

Tree Weight (Pounds)

Harvestable Yield Average (Cords/
Acre/Year)

Harvestable Yield Percentage
HMaximum Yield

Harvester Operating Time
(Seconds per Tree)

Man-Harvester Production Rate (Cords/
Man-Harvester Hour)

Harvesting Cost (Dollars per Cord)

Equivalent Harvesting at Planting
Time (Dollars per Cord)

Harvesting Cost Allowance
(Dollars per Cord)

Stumpage Price at Harvesting Time
(Dollars per Cord)

Wood Growing Cost Adjusted for Har-
vesting Cost plus Harvesting
Cost Allowance (Dollars per
Cord)

Harvesting Cost Percentage of Combined

~Wood Growing Cost Adjusted for

Harvesting Cost plus Harvesting
Cost Allowance

Site Index

o) 50 60 70 80
h2.68 20.10 10.91 6.41  L.18
29 27 25 22 21
700 600 600 600 600
69 71 72 7L 7h
5.88 7.4 8.03 8.57 9.40
L3 52 60 65 73
188 378 576 728 993
.58 1.10 1.83 2.70 3.66
50 o5 o7 97 o8
18 18 19 19 20
7.15  13.6 19.85 25.0 32.2
9.90 h‘90 3'16 2030 1-?3
L.20 2.20 1.51 1.20 .93
3.53 3.3 3.1 2.88 2.79
18.82 17.80 16.75 15.32 14L.8%
h6.21 23.44 14.05 9.29  6.97
21.5 20.9 22.5 2,.8 24.8
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return and unacceptable growing costs; whereas the high site indices
produce very good rates of return and low wood growing costs.

When the paper company utilizes industrial funds (which have an
expected anmual profit rate of 9 percent after taxes) for forest invest-
ments and growing expenses, the paper company's wood growing cost (ad-
justed for harvesting cost) exceeds the stumpage price at harvesting
time for site indices below 70. In this case, it costs the paper company
more to grow the wood than to buy wood from the independent landowner at
the current stumpage price; therefore, it is considered desirable for
the paper compary to only invest in forests with site indices 70 to 80
when funds are diverted from industrial investments.

When the paper comparny borrows funds (at an annual interest rate
of 6 percent) for forest investments and expenses, the growing cost ex-
ceeds the current stumpage price for site indices less than 60. In
view of this, it is not desirable for the paper company to grow wood on
site indices less than 60 when borrowed funds are being invested in the
forest.

The site clearing cost alters the landowner's rate of return by
aprproximately 7 percent. The paper company's wood growing cost is
changed approximately 12 percent by site clearing cost.

Thé optimal harvesting age varies from 18 to 36 years. The site
index has the major influence on the optimal harvesting age.

The optimal planting densities vary from LOO to 800 trees ver acre.
The optimal planting density for the independent landowner increases as
the site index increases; whereas the optimal planting density for the

vaper company is not as closely related to the site index.
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The maximum wood yield is not greatly reduced at the optimal forest
planning and management alternatives for the economically oriented manage-
ment objectives. The wood yield at all recommended alternatives is at
least 9L percent of the maximum yield.

The harvesting cost (at recommended forest planning and management
alternatives) varies from 1.73 to L.06 dollars per cord. The equivalent
harvesting cost at planting time (equivalent current cost) is .93 to 1.58
dollars per cord. This is a significant reduction in harvesting cost as
compared to the current harvesting cost of the Buschcombine that is
reported (20) to be 5.70 dollars per cord. In the case of the independent
landowner, the harvesting cost comprises 12.9 to 16.7 percent of the com-
bined stumpage price and harvesting cost allowance. In the case of the
paper company, the harvesting cost comprises 19.1 to 2L.8 percent of
the combined wood growing cost (adjusted for harvesting cost) and
harvesting cost allowance.

The man-harvester production rate varies from 17.15 to 32.2 cords
per hour (at recommended forest planning and management alternatives).
This is a significant increase over current man-machine production rates.

The tree characteristics (related to the_recommended forest planning
snd management alternatives) are 7.19 to 9.73 inches for tree D.B.H.,

56 to 73 feet for tree height, and L50 to 993 pounds for tree weight.
The harvﬁster design should be refined for these tree characteristics.

‘The economic model data are reviewed to determine the sensitivity
of the landowner's rate of return and the paper company's wood growing
cost relative to variations from the optimal harvesting age. Data are

reviewed for 5 years around the optimal harvesting age. The planting
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densily is maintained at the optimal pnlanting density at the optimal
harvesting age. The cases considered are for the landeowner snd paner
company ( funds borrowed) where site clearsance is regquired for site indices
60 and 80. The related data are summarized and presented in Tables 15
through 18. These data are used to determine the variance in harvesting
age that maintains the rate of return and wocd zgrowing cost within 2
percent of the optimal values. With this poai, the independent land-
owner's harvesting age can vary from -L Lic +3 years for site index 60
and from -1.5 to +2 years for site index 8C. TIn the case of the paper
company, the harvesting age can vary + 2 years for site index 60 and

+ 1.5 years for site index 80. The rate of return and wood growing cost
change at an increasing rate as the harvesting age changes from the
optimal age.

The percentage change in harvesting cost is also analyzed as the
harvesting age ié changed from the optimal age. The percentage change
in harvesting cost is found to be at least 5 times greater than the
change in the rate of return and the wood growing cost when-variance of
these objectives is maintained within 2 percent of the optimal values.

The economic model data are also reviewed to determine the sensi-
tivity of the landowner's rate of return and the paper company's wood
growing cost relative to variations from the optimal planting density.
The data are reviewed at the optimal harvesting age at planting densities
of 200 to 1,000 trees per acre. The data are reviewed for the landowner
and paper company (funds borrowed) where site clearance is required for
site indices 60 and 80. The related data are summarized and presented

in Tables 19 through 22. In all cases reviewed, the planting density




Table 15. Sensitivity of the Independent Landowner's Rate of Return (Site Clearance Required) to
Variations from the Optimal Harvesting Age for Site Index 60 at the QOptimal Planting
Density of 500 Trees per Acre

Equivalent Percentage
Harvesting Change in
Cost at Harvesting
Planting Cost
Rate of Percent of Tree Tree Tree Time Relative to
Harvesting Return Maximum Rate D.B.H. Weight Height  (Dollars Cost at
dge (Years) (Percent) of Return (Inches) (Pounds) (Feet) per Cord) Optimal Ag=
23 6.9865 95.8 7-97 5L0 57.5 1.61 +37.5
2k 7.1156 §7.6 8.22 592 58.7 1.L9 +27
25 7.2081 96.9 8.46 6L5 60.0 1.39 19
26 7.2663 95.6 8.69 698 €1.1 1.30 +11
27 7.2955 9.9 8.91 751 62.2 1.23 +5
28« 7.296L 100.0 9.12 8c2 £3.2 1.17 c
29 7.2731 99.7 9.31 851 6l.2 1.13 -3.5
30 7.2217 99.0 5.1,8 898 65.1 1.00 -7
31 7.1371 97.8 ¢.63 GL3 65.0 1.06 -2.L
32 7.0L40 66.5 9.77 985 6.9 1.03 -12
33 6.9LL2 85.0 5.89 1,023 67.7 1.01 -13.4

i ¥ Optimal Harvesting Age
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Table 16. Sensitivity of the Paper Company's Wood Growing Cost (When Funds Are Borrowed and Site
Clearance Is Required) to Variations from the (ptimal Harvesting Age for Site Index 60
at the Optimal Planting Density of 600 Trees per Acre

Equivalent  Percentage
Paper Company’s Harvesting Change in
Wood Growing Fercent of Cost at Harvesting
Cost Adjusted Minimum Planting Cost Rela-

Harvesting for Harvesting |Wood Tree Tree Tree Time tive to

Age Cost (Dollars  Growing D.B.H. Weight Height  (Dollars Cost at

(Years) per Cord) Cost (Inches) (Pounds) (Feet) per Cord) Optimal Age

20 12.21 1.12 6.95 363 52.9 2.21 +1,6
21 11.73 1.075 7.18 Lol 5.5 2.02 +3N
22 11.36 1.04 7.40 L6 g6 1.85 +22
23 1.1 1.019 7.62 189 57.5 1.72 +10
2l 10.96 1.C02 7.83 532 58.7 1.60 +6
25% 10.91 1.00 8.03 575 60 1.51 0
26 10.96 1.002 8.21 617 61.1 1.2 -6
27 11.1 1.019 8.38 657 62.2 1.36 -10
28 11.35 1.04 8.53 696 63.2 1.30 - -1
29 11.70 1.075 8.67 732 el.2 1.25 -17
30 12.17 1.12 8.79 766 65.1 1.21 -2C
# Optimal Harvesting Age

L9l



Table 17.

Sensitivity of the Independent Landowner's Rate of Return (Site Clearance Required) to
Variations from the Optimal Harvesting Age for Site Index 80 at the Optimal Planting

Density of 700 Trees per Acre

Equivalent Percentage
Harvesting Change in
Cost at Harvesting
Planting Cost
Rate of Percent of Tree Tree Tree Time Relative to
Harvesting Return Maximum Rate D.B.H. Weight Height (Dollars Cost at
Age (Years) (Percent) of Return {Tnches) (Pounds) (Feet) per Cord) Optimal Age
13 8.77 81.5 6.69 36 51 2.39 +30
1 9.49 88.0 6.98 376 gh.1 2.0k +63
15 10.03 93.4 7.29 L2 57.L 1.77 +41.5
16 10.43 - 97.0 7.60 516 60.5 1.55 +2l
17 10.68 92.0 7.90 591 63.3 1.38 +10
18% 10.77 100.0 8.19 666 65.9 1.25 0
19 10.71 99.5 8.4L5 741 68.1 1.14 -8.6
20 10.58 98.2 8.68 813 70.6 1.06 -15
21 10.40 9¢.5 8.89 881 72.7 1.00 -20
22 10.19 9L.5 9.06 o5 7h.7 .95 -2l
23 9.96 92.5 9.21 1,003 6.6 . =27

# Optimal Harvesting Age

g9t
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Table 18.

Sensitivity of the Paper Company's Wood Growing Cost (When Funds are Borrowed and Site
Clearance Is Required) to Variations from the Cptimal Harvesting Age for Site Index 80
at the Optimal Planting Density of 600 Trees per Acre

Equivalent  Fercentage
Paper Company's Harvesting Change in
Wood Growing Percent of Cost at Harvesting
Cost Adjusted Minimum Planting Ccst Rela-
Harvesting for Harvesting Wood Tree Tree Tree Tims tive to
Age Cost (Dollars Growing D.B.H. Weight Height  {Dollars Cost at
(Years) per Cord) Cost  (Inches) {Pounds} (Feet) per Cord) Cptimal Age
16 5.32 1.27 7.5 556 60.5 1.8 +59
17 4.81 1.15 8.21 641 £3.3 1.31 +141
18 L.L7 1.07 8.54 728 65.9 1.18 +27
19 b.2% 1.025 8.85 818 68.4 1.07 +15
20 L.19 1.001 9.1} 906 70.6 .99 +6
21% h.18 1.C0 9.10 992 72.7 .93 0
22 L2k 1.012 9.63 1,074 0.7 .88 -5.5
23 l.38 1.047 $.82 1,150 76.6 8l -9.5
2l L.57 1.09 %.90 1,220 78.3 .81 -13
25 L.83 1.15 1C.14 1,285 20.0 .78 -16
26 5.15 1.23 10.27 1,345 81.%5 .76 -18
¥ Optimal Harvesting Age

691t



Table 19. Sensitivity of the Independent Landowner's Rate of Return (5ite Clearance Required) tc
Optimal Harvesting Ages at Planting Densities Other Than the Optimal Planting Density
on Site Index 60

Equivalient
Optimal Harvesting
Harvesting Cost at
Age for Percent of Planting
Planting Rate of Maximum Tree Tree Tree Time
Planting Density Density Return Rate of D.B.H. Weight Height (Dollars
(Trees per Acre) (Years) (Percent) Return (Inches) (Pounds) (Feet) per Cord)
2003
300 31 7.066 97.0 11.L8 1,361 66 .85
LoO 29 7.2h8 69.1 10.05 1,001 &l 1.03
5003 28 7.296 100.0 9.12 2.2 63 1.17
600 26 7.295 99.9 8.12 617 61 1.L2
700 25 7.222 99.0 7.60 511 60 1.60
800 25 7.137 98.0 7.20 459 60 1.79
%00 24 6.951 95.4 6.76 28 58 2.C6
1,000 2l 6.769 92.8 6.L7 347 58 2.2k

# Optimal Planting Density
s## Tree Characteristics Exceeded Harvester's Capacity

oLt


http://95.il

Table 20. Sensitivity of the Paper Company's Wood Growing Cost (When Funds Are Borrowed and Site
Clearance Is Required) to Optimal Harvesting Ages at Planting Densities Cther Than
the Optimal Planting Density on Site Index &0

Paper Com- Equivalent
Optimal pany's Wood Percent Harvesting
Harvesting Growing Cost of Cost at
Age for Adjusted for Minimum Planting
Planting Harvesting Wood Tree Tree Tree Time
Planting Density Density Cost (Dollars Growing D.B.H. Weight Height (Dollars
(Trees per Acre) (Years) per Cord) Cost {Inches} (Pounds) (Feet) per Cord
200363
300 30 12.18 1.12 11.15 1,265 65.2 .90
Loo 28 11.25 1.03 9.78 932 63.3 1.08
500 26 10.95 1.002 8.69 699 61.2 1.30
600 25 10.91 1.00 8.03 576 60.0 1.51
700 2l 11.10 1.015 7.45 477 58.8 1.70
8oo 23 . 11.35 1.0k 6.98 ho2 57.5 1.99
800 22 1.9 1.09 6.53 336 56.1 2.30
1,000 22 12.4h2 1.14 6.27 306 6.1 2.4L8

#  Optimal Planting Density
¢ Tree Characteristics Exceeded Harvester's Capacity

Ll



Table 21. Sensitivity of the Independent Landcwner's Rate of Return (Site Clearance Required) to
Optimal Harvesting Ages at Plantine Densities Other Than the Cpiimal Flanting Density
on Site Index 80

Zguivalent
Optimal Harvesting
Harvesting Cost at
Age for Percent of Planting
Planting Rate of Maorimum Tree Tree Tree Time
Planting Density Density Return Rate of D.B.H. Weight Height (Dollars
(Trees per Acre) (Years) (Percent) Return - (Inches) (Pounds) (Feet) rer Cord)
200k
300w
400 21 10.08 93.5 10.62 S 1,281 72 .8C
500 19 10.38 96.5 9.28 205 68 1.0t
600 18 10.62 2e.0 8.5 728 &6 1.17
700 18 10.77 100.C g.1¢0 666 66 1.25
800 18 10.71 99.7 7.79 go8 &6 1.35
00 17 10.66 0.0 7.27 ey 43 1.58
1,000 17 10.55 98.0 7.99 450 63 1.6%

#  Optimal Planting Density
#% Tree Characteristice Exceeded Harvester's Capacity

gLl



Table 22.

Sensitivity of the Paper Company's
Clearance Is Required
the Optimal Planting Density

to Cptimal

P
I

mmt
ANLI0

wood Grewing Cost (When ™unds 4
Zarvesting Ages at g Dens
on Site Index 80C

re sdorryowed and Site
ities Cther Thap

‘aper Com- Egquivalent
Optimal pany's "cd Porcpnt Harvesting
Harvesting Growing Cost of Cost at
Age for Adjusted for Tinirum , Planting
Planting Harvesting Yood Tree Tree Tree Time
Planting Density Density Coet (Dollars Growing D.i.H, Weight Height (Dollars
(Trees per Acre) (Years) per Cord) Cost (Inches) (Pourds) (Feet) per Cord)
200
30038+
LOOw:
500 22 L.21 1.01 10.26 1,225 75 .81
600 21 L.18 1.00 9.L0 327 73 .93
700 20 L.2g 1.015 g.é¢ £12 71 1.06
80C 19 l. 5l 1.083 8.00 652 68 1.25
g00 12 h.77 T.14 7.6l 555 &R 1.35
1,000 18 5.05 1.21 7.15 liog 66 1.54

*  Cptimal Planting Density
#%  Tree Characteristics Exceeded Harvester's Capacity

€Ll
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can vary at least + 100 trees per acre and maintain the rate of return
and wood growing cost within 2 percent of the optimal values, The rate
of return and wood growing cost change at an increasing rate as the
planting densities vary from the optimal values. Since the planting
density is reédily controlled, it is recommended that the planting den-
sities be at the optimal values. This is desirable because a combination
of deviations from optimal planting denslity and harvesting age can lead
to significant changes from optimal values of the rate of return and the
wood growing cost. The maximum variance in harvesting age (without
significant reduction in management objectives) is desirable so as to

allow maximum response to demand and harvesting schedules,




CHAPTER XII

CONCLUSIONS AND RECOMMENDATIONS

Conclusions
Conclusions derived from the econamic evaluation of forest

planning and management alternatives, in conjunction with the proposed

harvester design and management objectives of the independent landowmer
and‘the paper company, are swmarized as follows:

(1) There are forest planning and menagement alternatives related
to the proposed harvester design that provide g maximum rate of return on

the forest investments and growing cost for the independent landowmer and
minirmm wood growing cost for the paper company.

{(2) The recommended forest planning and management alternstives
that provide the maximm rate of return for the independent landowner
(when site clearance is required) are initial planting densities {(trees

per acre) of: 40O harvested at 36 years for site index 50, 500 harvested

at 28 years for site index 60, 600 harvested at 22 years for site index
70, and 700 harvested at 18 years for site index 80.

(3) The recommended forest planning and management alternatives

that provide the maximum rate of return for the independent landowner

o (when site clearance is not required) are initial planting densities
(trees per acre) of: 500 harvested at 32 years for site -index 50, 600
harvested at 25 years for site index 60, 700 harvested at 21 years for

site index 70, and 700 harvested at 18 years for site index 80.

175
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() The recormended forest planning and management alternatives
that provide the minimumm wood growing cost (site clearance required) for
the paper company (utilizing industrial funds for wood growing cost) are
initial planting densities (trees per acre) of: 800 harvested at 19
years for site index 70, and 700 harvested at 18 years for site index 80.

(5) The recommended forest planning and management alternatives
that provide the minimum wood growing cost (site clearance not required)
for the paper campany (utilizing industrial funds for wood growing cost)
are initial planting densities (trees per acre) of: 700 harvested at 20
years for site index 70, and 700 harvested at 18 years for site index 80.

{6) When the paper compary utilizes industrial funds (with normal
expected anrual profit of 9 percent after income tsx) for wood growing
cost, the paper company shouwld not invest in forest land with & site in-
dex less than 70 (the paper company's wood growing cost on lower site
indices is more than the current stumpage price at which wood can be
purchased from the independent landowner).

(7) The recommended forest plamming and management alternatives
that provide the minimum wood growing cost (site clearance required) for
the paper company (when wood growing cost is borrowed at 6 percent
interest) are initial planting densities (trees per acre) of: 600 har-
vested at 25 years for site index 60, 600 harvested at 22 years for site
index 70, and 600 harvested at 21 years for site index 80.

(8) When the paper company borrows funds (at 6 percent annual in-
terest) for wood growing cost, the paper comparny should not invest in
forest land with a site index less than 60 (the paper company's wood grow-

ing cost on lower site indices is more than the current stumpage price
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at which wood can be purchased from the independent landowner).

(9) The maximum tree characteristics (related to the recormended
optimal forest planning and management alternatives) for which the har-
vester design should be specialized and refined are: 9.73 inch D.B.H.,
993 nounds tree weight, and 73 foot tree height.

(10) Negligible tree volume is lost if the harvester only harvests
50 feet of the tree (the maximum tree height at optimal forest plamming
and management alternatives is 73 feet which has an associated volume
loss of 2.25 percent).

(11) The rate of return for the independent laﬂdowner and the wood
growing cost for the éaper comparny are sipnificantly affected by the land
site index.

(12) At the optimal forest planning and management alternatives,
the independent landowner's rate of return is marginal for site index 50
(5.71 to 6.13 percent) and very gocd for site index 80 (10.78 to 11.5
percent).

(13} At the optimal forest plamning and management alternatives,
the paper company's wood growing cost is unacceptable for site index 4O
(42.68 to 80.51 dollars per cord at harvesting time)} and very good for
site index 80 (8.1h to B.60 dollars per cord at harvesting time).

(14) At the recommended optimal forest plamming and management
alternatives, the requirement of site clearance cost significantly reduces
the independent landowner's rate of return (approximately 7 percent) and
increases the paper company's wood growing cost (approximately 12 percent).

{(15) The proposed harvester design, in conjunction with the re-

cormended optimal forest planming and management alternatives,
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significantly reduces the wood harvesting cost from the current
harvesting cost (.93 to 1.50 dollars per cord as compared to 5.70
dollars per cord for the Buschcombine (20)).

(16) The proposed harvester design, in conjunction with recommended
ontimal forest planming and management alternatives, should provide ade-
quate harvesting 6apacity since the associated man-machine production
rate (17.5 to 32.2 cords per hour) is approximately tenfold greater
than current production rates.

(17). In view of the resu1ting harvesting cost percentage (12.9 to
16.7 percent) of combined stumpage price (adjusted for harvesting cost)
and harvesting cost allowance (for the independent landowner) as well as
the resulting harvesting cost percentage (19.1 ﬁo 2.8 percent) of
combined wood growing cost (adjusted for harvesting cost) and harvesting
cost allowance {for the paper company), an additional iteration of
harvester design refinement, in conjunction with forest planning and
management policy, is recommended but the point of diminishing returns
is soon to be reached with multiple iterations. :

(18) Harvesting age can vary + 1.5 years from the recommended
optimal harvesting ages, so as to respond to harvesting schedules and
demands, while resulting in less than a 2 percent change in the rate of
return and the wood growing cost.

(19) The optimal planting densities should be closely adhered to
so &s to allow maximum variance in the harvesting age for response to
harvesting schedules and demands without causing significsnt reductions
in the rate of return and the wood growing cost.

(20) The recormmended forest planning and management alternatives
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that optimize the landowner's rate of return and the paper company's wood
growing cost do not greatly reduce the forest yield from maximum yields
{minimm of 2l vercent of maximum land yield at all recommended
alternatives).

The economical evaluation of forest planning and management alter-
natives, in conjunctiion with the nroposed harvester design and managemeﬁt
objectives, lead to the following general conclusiocns:

(1) Future pulpwood harvesting machine designs and future forest
planning and management policies should be developed and relined in
conjunction with each other and the manapement objectives.

(2) Current pulpwood harvesting egquipment can bé significantly
improved through automation and efficient sequencing of operations.

(3) Computer simulation is a valuable tool in evaluating forest
planning anc management alterpatives in conjunction with harvester
designs and management objectives.

(L) The paper company can benefit by assisting the independent
landowners in planning, managing, and harvesting his forest in order to
helr insure the landowner an adequate return on his investment.

{(5) The independent landowner can benefit by cooperating with

the paper company in planning, managing and harvesting his forest.

Recommendations

The following recommendations are offered relative to this work:
(1) The proposed harvester design should be redesigned for
maximum tree characteristics of: 10 inch D.B.H., 1,000 pounds weight,

and 65 fool height.
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(2) When the economic model is rerun in later years, all cost
values must be upgraded to the current planting time for which the model
is being run and for local mill conditions at that time.

(3) The tree growth regression equations developed by Bemmett,
McGee, and Clutter (16) should be revised to account for tree growth to
35 years to allow for growth suppression. |

(L) A forest growbth model should be developed for improved future
tree specles so that the harvester design and forest planning and
scientific management alternatives can be evaluated and refined for
future tree species.

(5) Future harvesting machines and forest planming and mansgement
policies should he developed in conjunction with each other and with
management objectives.

(6) There should be a high level of cooperation between the
paper companies and the independent landowmers in plamning, planting,
managing, and harvesting the foreats.

(7) Due to the undesirable rate of return and wood growing cost
associated with low site indices (which comprises a large percentage
of available forest land), research should be conducted to determine

econcmical means of upgrading land with low site indices.




APPENDIX T

HARVESTER OPERATING CCST COIMFUTATIONS
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Harvester Cost
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The total estimated harvester cost of 99,000 dollars is bhased

on costs as listed below!

Catervillar, L) Axle and
Final Drive Assembly
Vickers, 501300, Vane Motor
Tires, 17.5 X 25
Caterpillar, D33lL, Diesel
Engine

Bydreulic Fumps

Shear, Felling

Shear, Bucking

Hydraulic Cylinders, Lines,
and Contrcls

Frame

Miscellaneous Equipment and
Assembly

Total Equipment and Assembly Cost
Profit

Total Estimated Cost

Unit
Cost

Quantity

$6’ 250
700
95¢

6,500

500
3,000
3,000

[0, R W1 L WN ]

W= OO

Total
Cost

£18,750
2,100
5,700

13,000
3,000
3,00C
2,000

12,000
12,000

11,450
T90,000
9,000
559,000

1




Harvester Operating Cost
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The harvester operating cost of 30 dollars per hour 1s computed

as below?
1. Total Eguipment Cost
2. Total Tire Cost
3. FEquipment Cost, Less Tires
i. Depreciation (Excluding Tire Cost) Based on
10,000 Hours
5. Interest, Insurance, and Taxes Based on 3¢ per
Thousand Dollars of Total Equipment Cost
6. Total Cwning Cost (per Operating Hour)
7. Hourly Fuel Cost at 17.6 Gallon per Hour
8. Hourly Hydraulic 0il Cost
2. Hourly Lubrication Cost
10. Hourly Repair Cost Based on 90 Percent of
Depreciation
11. Hourly Tire Cost Based on 4,500 Hours Tire Life
12. Total Direct Operating Cost per Hour
13. Operator Hourly Weges and Related Expenses

Total Harvester Operating Cost (per Hour)

$55,000.00

700.00
?Ei93, 300.C0
3 9.33

2.97

3 72. 30
2.64

011

L0

8.L0
1.27
$ 12.82
};.88

3 30.0C




APPENDIX II

HARVESTER SIMULATION MODEL COMPUTER PROGRAM AND SAMPLE PRINTOUT
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