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Chapter 1

STATEMENT OF THE PROBLEM

Introduction

This study begins by examining in Chapter 1 the im-
portance of bucking tree stems into logs as a part of the
overall process of converting trees into consumer products.
It also evaluates the consequences of poor bucking includ-
ing historic efforts to quantify the associated economic
losses.

Chapter 2 reviews the operations research methods
that have been used to find optimal bucking solutions and
evaluates the strengths and weaknesses of these models.

Chapter 3 outlines the scope and objectives of this
study and Chapter 4 develops a new dynamic programming
model for the bucking problem. Existing models are gener-
alized and extended to incorporate descriptions of internal
and external defects in the tree, and shape abnormalities
such as sweep and crook which are important factors in
scaling and grading logs. The model also introduces pre-

. dictions of end product and residue recovery that depend on
these grading and scaling assessments.

Chapter 5 presents an example analysis for five
Douglas-fir trees, demonstrates the importance of consider-

ing defects and end product information, and examines the



sensitivity of solutions to changes in tree parameters,
economic factors, and utilization standards.

The final chapters present extensions of the model
to include coordination with long-log woods bucking poli-
cies, extensions to other areas of manufacture, and sug-
gests future work that can be done to expand the applica-

bility of this study.

Importance of Bucking in
Wood Utilization

The operation of converting a tree into logs is
the first in a series of manufacturing steps that ultimate-
ly result in a finished product such as plywood, lumber, or
paper. Since each manufacturing step is dependent on ac-
tions taken previously, potential profits can be lost if
each tree is cut without regard for end use. The standing
tree has a potential value based on how it cculd best be
used under given circumstances but the actual value real-
ized depends in part upon how it is converted into logs by
the cutting crew. The process of converting the tree into
logs involves two steps, felling and bucking. Felling is
the act of severing the tree from the stump and bucking is
. the conversion of the felled tree into log products. Both
felling and bucking provide opportunities for making or
losing profits. Conway (1973) states that "three quarters
of the value lost in all woods operations is lost in fell-

ing and bucking." He adds that about half of this loss is



due to felling through breakage and high stumps. These
felling losses are mainly the result of practices that
cause some part of the tree to be useless for further pro-
cessing and can be minimized by proper supervision and care
on the part of the cutter.

Unlike felling, bucking involves solving a very
complicated problem. The felled stem has only potential
value and bucking reduces it to log products which can be
used in sawmills, veneer mills, pulp mills or for other
purposes. Alternative solutions are likely to change the
mix of products with a strong effect on value. The value
of logs is generally determined by the market prices for
logs, or prices for end products derived from them, and
logging and milling costs; consequently, the end use and
manufacturers' specifications for logs must be considered
during bucking. These considerations combine to produce
many possible log combinations that can be obtained from a
stem. Discovering the best combination is a difficult
problem to solve.

Historically, the principal objective of felling
and bucking crews was to produce the greatest possible vol-
ume in a given time period. Soundness, which affects vol-
~ume scale, was a major criterion (Petro, 1961) and little
regard was given for end use except for prime lengths of
sawlogs and veneer blocks (Conway, 1973). Since volume

production is the basis for unit logging costs this is



important. However, it has long been known that many per-
fectly sound logs will yield low value products because of
scattered defects or improper sizing. Bucking, while often
not considered as a direct profit generator, is a prime
profit contributor since logs are not worth as much if they
are not cut to specifications. Sometimes difficult work
conditions impairing the buckers' ability to view the en-
tire stem may be a reason for poor bucking but lack of in-
struction in fundamentals that affect bucking is the major
reason why losses occur (Bryant, 1923; Petro, 1961l). Log-
gers often assign the newest, most inexperienced laborer to
the bucking job, apparently because it is perceived as re-
quiring little skill compared to felling or operating heavy
equipment (Carpenter, 1955; Wackerman et al., 1966). Con-
sequently, quality control in bucking has lagged behind
other areas of manufacture.

Palm (1973) suggests that there really are two as-
pects of the bucking problem. One is the question of where
in the chain of operations it is best to do the cutting.
This has given rise to several logging systems such as
shortwood, tree length, and whole tree. By choosing among
these systems, bucking may be performed at the felling
"site, a roadside landing, or at the mill. Landerud et al.
(1973) compared bucking in the forest, at a roadside land-
ing, and at a centralized landing and found considerable

value differences. Blackman (1979) described a logging



operation where tree length logging and bucking at the re-
load station was favored because better gquality control was
possible. This operation found that, with better control
and supervision, fewer peeler bloqks are bucked short and
lost. The actual choice of a logging system involves con-
sidering all aspects of the timber and logging operation so
the best choice from a bucking perspective may not be the
best overall sYstem to use.

The other aspects of the bucking problem is how to
crosscut the stem. The bucker must consider the effects of
his decisions on subsequent operations all the way to the
consumer. Bucking a tree into logs has an important bear-
ing on the end products it will produce and influences
value realized by affecting both volume and quality (Sim-
mons, 1960). This study will be concerned with this second
aspect of the bucking problem--the determination of optimum

solutions to the question of how to convert the stem into

logs.

Penalties Associated with Poor Bucking

Reduction in profits due to improper stem conver-
sion by buckers is attributable to several factors which
can be grouped as those contributing to volume loss and
those contributing to quality reduction. Taken together,
these factors often commit portions of the stem to lesser

valued end uses.



Volume Losses

One major soufce of profit loss occurs through in-
efficient stem volume utilization. Volume losses arise
from

a. inaccurate length measurement resuiting in logs
that are shorter or longer than required;

b. excessive or insufficient jump-cutting or long-
butting in attempting to remove cull segments;

c. leaving usable material in tops either through
negligence or the selection of a combination of log lengths
that does not efficiently utilize the stem;

d. losses due to producing logs with excessive
sweep and crook;

e. improper removal of forks in forked trees.

Volume loss through inattention to length specififi-
cations is a critical problem. ignorance of length speci-
fications and improper trim allowance can result in a loss
of log scale volume (Conway, 1973) and lumber trim losses
in sawmills (Williston, 1976; Palm et al., 1973). In ve-
neer plants overlength logs may be useless. Furthermore,
ignoring length specifications may result in overproduction
- of products that have low market value. As examples, a log
intended for peeling, if too short, may be processed into
lower value lumber or chips; or a log intended for l6-foot
lumber may be trimmed to lower value l4-foot lumber if it

has insufficient trim allowance. Apparently, there has
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been little improvement in this aspect-.-of bucking from the
early days of logging to the present. Bryant (1923) men-
tioned a study in the Southern pines where it was found
that only 42.5 percent of the logs were of proper length,
while 33.3 percent were too long and 23 percent were too
short. On the west coast, in‘conifer logging, it was found
that only 20 percent of sampled logs were bucked to within
2 inches of specifications (Forbes, 1952). Lack of consid-
eration of the end product was blamed for much of the loss.
Fobes (1960) found that only 17 percent of California black
oak logs had proper trim allowance. Dyson and Holemo
(1973) found that only 18 percent of the saw logs brought
to a southern pine sawmill were cut to proper length; 48
percent were too long and 34 percent were too short. Com-
parison with the study mentioned by Bryant (1923) suggests
that bucking has worsened in the South.

Volume loss through excessive cull removal has
often been found to be an important factor reducing profit
potential of a tree (Conway, 1968, 1973; Petro, 1965, 1975;
Tessier, 1974). 1In attempting to remove a cull segment
buckers may include_more sound material in the cull segment
than is necessary or they may remove too little of the cull
' section and include this unusable material as part of a
log. 1In the former case useful wood is left in the woods
while in the latter case the cull portion must eventually

be trimmed perhaps leading to a product different than



,originally intended with a lower value.

Buckers may not utilize merchantable material in
the upper bole either through negligence or because a com-
bination of log lengths was chosen that poorly matches the
available bole. For example, suppose a bucker is con-
fronted with a 19-foot long stem and can consider any com-
bination of 12.5, 10.5, and 8.5 foot log lengths. If the
bucker produces a 12.5 foot log, an unusable 6.5 foot
length is created. Bucking two 8.5 foot logs leaving a 2
foot unusable segment, or bucking a combination of 10.5
foot and 8.5 foot logs leaving no unusable stem would be
better choices, ignoring for the moment any economic fac-
tors that may dictate which choice is the most profitable.

Sweep and crook are defects that can contribute
significantly to volume loss. Sweep is a gradual curvature
or deviation of the longitudinal log axis from a straight
line while crook is a sharp deviation (Petro, 1975). 1In-
cluding excessive sweep or crook in a log can reduce end
product output in veneer or lumber operations. Williston
(1976:29) shows a graph illustrating substantial lumber
losses with increasing sweep in sawlogs and recommends that
logs be bucked to the longest straight length. Church
.(1973) studied the distribution and influence of sweep in
Appalachian hardwood logs and made suggestions to minimize
volume losses by bucking shorter straighter logs. Similar

recommendations have been made by Conway (1968, 1973) and
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Petro (1975). Log scaling rules recognize the influence of
these defects and make volume deductions for logs with ex-
cessive sweep (Dilworth, 1977).

Improper bucking near forks is another source con-
tributing to volume losses (Sworder, 1978). Buckers may
cut too far into a fork in an attempt to gain extra length
only tc find that the mill must cut it back becausé of
cross grain or they may buck out the fork but leave exces-

sive amounts of usable wood attached to it.

Quality Reduction

Another major source of profit loss occurs through
inattention to log and tree attributes that influence qual-
ity and their relationship to end product quality require-
ments. Grading is the process of grouping a product into
classes or grades that reflect characteristics of guality
or worth (Husch et al., 1972). Lockard (1959) indicates
that log grades should accomplish two objectives: (1) sep-
arate desirable from undesirable logs and (2) segregate the
desired logs into discrete groups that can be consistently
recognized by trained personnel. When logs from these
grade groups are converted, they should yield products with
"a reliable stipulated grade pattern or average value.
Lockard also indicated that it is desirable for the grade
system to produce information on the suitability of a grade
for alternative products. Cobb (1957) suggested that log

grading principles should be carried cne step further and
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be applied before the logs are cut. He advocated applying
these principles to the tree to predetermine log grade pos-
sibilities with the goal of obtaining the best possible mix
of grades from the tree. He stated, "If buckers know the
log grading rules and apply them, they can get the best
possible yield from each tree. By considering the size,
location, frequency, and nature of all defects, they can
select bucking points that group these defects to best ad-
vantage" (Cobb, 1957).

Failure to consider grade characte;istics is fre-
guently mentioned as a cause of poor bucking practice.
Bryant (1923) noted that a major source of loss is the
buckers' failure to apportion the bole so the best and
poorest quality portions are placed in separate logs. This
is very costly since the value of a log is chiefly deter-
mined by its poorest section. Stenstrom (1969, 1970) com-
pared two bucking methods where grade factors were consid-
ered with two methods where grade factors were ignored and
found a 10 percent decrease in value when grade was ig-
nored. He found that locating the grade limits had the
greatest influence on where cross cuts should be located
and that locating diameter limits for various kinds of logs
was also important. He noted that locating diameter limits
appeared to be very influential in smaller stems while the
grade considerations were dominant in larger stems. Okhal-

nikov (1974) similarly found that considering rather than
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ignoring the pattern of stem defects in bucking improved
value by 5 to 12 percent. Conway (1973) also discussed the
importance of locating diameter limits as well as consider-
ing quality. Log grading rules often include diameter lim-
its that are combined with limitations on permissible de-~
fects in determining log grade. In many situations, manu-
facturers may include diameter limits in their log specifi-
cations.

Influence of Volume and Quality
Losses on Value

Several writers have demonstrated with diagramed
hypothetical examples how improved bucking can affect the
value obtained from an individual stem (Ostrander, 1956;
Petro, 1975; Conway, 1968, 1973). The improvements in
bucking translate into increased production of higher qual-
ity preoductg in the mill. For example, Carpenter (1953)
reported that a mill in the South, annually producing 4
million feet of gum lumber, averaged 57 percent No. 2 Com-
mon and Better lumber. This percentage jumped to 71 per-
cent after a quality control program for bucking was ini-
tiated.

Severél other writers have also examined trees
”‘felled by bucking crews, graded the logs as actually
bucked, evaluated how they trees should have been bucked
and noted the value differences. Randel (1955) found that

lumber value could have been increased by $30 per MBF in



12
red oak sawlogs. Whitmore and Jackson (1956) studied black
oak in Southern Illinois and Cobb (1957) studied oak in the
Tennessee Valley region and came to similar conclusions.
These studies found that, with improved bucking, overall
volume produced was increased (4.6 percent, 5.7 percent),
value of lumber from the logs was increased (12.3 percent,
11.8 percent), the number of logs and number of cuts was
increased, and the volume of 8, 10 and 16 foot log lengths
was increased while the volume of other lengths (12, 14 and
over 16 feet) was decreased. In a similar study of Cali-
fornia black oak, Fobes (1960) found that careful bucking
increased lumber value by 15 percent.

Petro (1965} conducted a more detailed study in
yellow birch where two nearly identical test areas were
laid out in a stand. One area was bucked without super-
vision while the other was supervised and maintained strict
adherence to log quality specifications. Bucking was for
sawlogs and pulpwood. On a per tree basis, the supervised
area produced 89 percent more grade 1 sawlogs, 28 pefcent
more grade 2 sawlogs and 6 percent more grade 3 sawlogs or
32 percent more sawlogs overall. Sawlog volume per tree
was increased by 22 percent and pulpwood volume per tree
‘was increased by 57 percent. Overall, volume utilized was
increased by 26 percent and log value by 36.4 percent.
Sawlogs in each grade cut in unsupervised area were gener-

ally one foot longer but the average lumber length produced



13
from each sawlog grade was nearly the same. The poor per-
formance in the unsupervised areas was due to a number of
factors, principally failure to utilize upper portions of
the tree, cutting high stumps, unnecessary jump butts, and
a failure to consider defects to improve log grade.

In spite of these results, Petro (1961l) found that
loggers resisted and criticized the use of log grades as
bucking aids in the belief that grading produced shorter
length logs. This criticism does not appear to be justi-
fied according to the studies of Whitmore and Jackson
(1956) and Cobb (1957). Whitmore and Jackson found no
change in average log length while Cobb found that the
average length when grading was performed was only one foot
shorter. In Canada, Petrc (1961) found that the average
length decreased by only one foot and that the increased
log value more than offset the extra bucking, skidding, and
handling costs. This conclusion was further substantiated
in his study of yellow birch (Petro, 1965). Using typical
production costs, Whitmore and Jackson (1956) estimated
that the profit margin on the logs in their study could be
increased by 116 percent by improved bucking.

Few of these studies attempted to estimate in de-
.tail how much of the increased value from carefully con-
ducted bucking was attributable to improved utilization of
volume and how much was attributable to improved grade. In

one study where this was done, Cobb (1957) estimated that
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48 percent of the value increase was due to increased vol-
ume utilization and 52 percent was due to improved grade.
He also pointed out that bucking for grade was least useful
in very good or very poor quality trees and was most criti-
cal in average quality trees.

In summarizing results from the early studies,
Lockard (1959) found that volume losses due to poor buck-
ing are typically 6-20 percent while the average loss in
value due to guality reduction is 10 percent. Assuming 10
percent as a conservative average volume loss, he esti-
mated that the combined loss is easily 20 percent of the
potential tree value. Similarly, Simmons (1960), in refer-
ring to the Appalachian region, indicated that more than
half of the potentially high grade lumber in hardwood trees
is not going into high grade uses. He attributed almost
half of the loss to careless logging and the remaining to
losses in milling, drying, storage and marketing opera-
tions. He showed a substantial redistribution of logs to-
ward higher log grades when bucking was properly conducted
and this, combined with the higher proportion of high grade
lumber in high grade logs, had a very significant effect on
value realized.

In spite of the many studies on bucking and the de-
velopment of improved procedures and aids, obtaining good
results remains a serious problem. Ek et al. (1972) com-

pared fully mechanized and manual chain saw bucking of
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sawlogs and found that there was no significant difference
between these methods. However, on the basis of theoreti-
cal analyses they also concluded that 45 percent of the
volume in their study was misbucked. This may result in a
significant economic loss to industry. For example, in
British Columbia, Sworder (1978) reported that the poten-
tial log value lost to chippable residue because of mis-
bucked logs is $23 million annually.

The Difficulty in Achieving Optimal Bucking
Solutions in a Production Environment

[

The complexity involved in considering all of the
log specifications, grading rules, and tree characteristics
combined with price differentials for logs and end products
puts great pressure on buckers by posing a very difficult
decision proklem. Even in the absence of guality consider-
ations, selection of the mPSt appropriate combination of
log lengths to cut from a tree is itself a difficult prob-
lem whenever the bucker is confronted with even a few
length choices.

When this complex decision problem is combined with

pressure by management to achieve high productivity, it is

" not surprising that poor bucking often results. As exam-

ples of the productivity pressure, Harmon (1977) reported
a situation where the operator of a centralized log mer-
chandizing system is confronted with bucking 2000-2500

tree length stems per shift. This means that bucking
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decisions must be made for 4-5 trees per minute. Thorn-
guist and Wallin (1977) describe a centralized merchandizer
operation that has the objective of maximizing value of in-
coming wood in the form of tree lengths or long logs. They
state that "each tree or bole is to be cut into that com-
bination of end products (plywood, sawlogs, or pulpwood)
yielding the highest monetary return." The operator, lo-
cated in a control station, examines each stem for grade as
it enters a holding or viewing station and feeds grade and
cutting data into a computer. The operator must make
choices as to the exact amount of butt trim, the placement
of each cut and the length of each log. A series of acti-
vated lights are used to indicate his choices and he has
the opportunity of changing his selections. Once satisfied
with his choice, he instructs a computer to "remember"
these choices. The computer keeps track of the stem as it
enters the cutting station and uses the programmed instruc-
tions to activate the appropriate saws which buck the stem
into the operator's selections. A single operator is ex-
pected to average making cutting decisions for at least six
tree lengths or long logs per minute. ObQiously it is un-
likely that the operator can meet the stated value maximiz-
.ing objective when he must solve a bucking problem every
10 seconds. These systems undoubtedly produce some im-
provements over less closely controlled bucking by reducing

volume losses since the saws can be set to precisely match
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the length specifications and because the bucker is pro-
vided with a better environment where he can more easily
observe all of the stem. Even though a bucker in the woods
or at a roadside landing would not be subject to bucking
this many trees per shift, he is still faced with pressure
to achieve high productivity and must work in a less favor-
able environment.

Due to the complexity of the problem that must be
solved and the pressure to achieve and maintain high pro-
duction rates it is doubtful if human buckers can consist-
ently meet optimizing objectives without some form of as-
sistance. In a study of human fatigue factors, Kudinov
(1967, 1969) and Leonov (1967) found, in typical Soviet
production lines, that bucking station operators must be
capable of comprehending 2.13 to 4.26 bits of knot defect
information per second for conifers and about twice as much
information for hardwoods. Since a human can only receive
0.7 to 4 bits of information per second, they concluded
that the human brain is inadequate for making good unas-
sisted decisions at production level speeds.

On the basis of these studies, it appears that the
problem of optimally converting trees into logs has serious
.effects on economic returns, that in spite of new aids
bucking continues to be an area of great concern, and that
new decision making tools are needed to aid buckers. The

field of operations research provides several optimization
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techniques that should be explored to provide these aids.
‘These techniques may lead to bucking models that could be
programmed on a computer to instantly consider all relevant
factors and indicate the optimum solution. These computer-
ized models could be valuable tools in training and aiding

buckers.



Chapter 2

REVIEW OF OPERATIONS RESEARCH MODELS THAT
OPTIMIZE INDIVIDUAL STEM BUCKING

Historically, the principal approaches for improv-
ing bucking have involved increased supervision and train-
ing of the bucking crew and shifting the point where buck-
ing is accomplished in the tree harvest to mill conversion
process. Increased supervision and training have relied
on indoctrination of cutting crews with log scaling and
grading rules, results of mill studies, and various fell-
ing and bucking manuals. Together these stress the need
for careful measurement and consideration of quality and end
use. Although these items plus close supervision make cut-
ing crews more aware of the factors that must be consid-
ered to perform proper bucking and will eliminate some of
the more glaring mistakes, they do not help the bucker de-
termine what combination of logs should be cut from a stem
to maximize profits. Movement of the act of bucking from
the stump site to the roadside landing, concentration yard,
mill yard, or log deck may improve the environment and
yield better control but these shifts do not help solve
.the optimization problem.

One of the difficulties with traditional approaches
to guality control of bucking is that they rely on rules-

of-thumb or solution methods that do not guarantee an
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optimal solution. Therefore, there is uncertainty as to
how "good"” the solution obtained by these methods really
is. Comparisons among proposed solutions can also be very
misleading. For example, one proposed bucking solution for
a stem may yield 50 percent greater dollar yield than an-
other but both may be vastly inferior to the optimum. In
other situations, one method may be superior to others in
one set of circumstances but inferior in others. It is
this kind of comparison and choice among limited and per-
haps poorly selected alternatives that has been called op-
timization by some. Although the optimum choice among the
alternatives considered may be discovered, many other al-
ternatives are ignored, hence there is no assurance that
the best alternative is contained in the set examined.
Consequently there is no assurance that the global optimum
to the problem will be discovered.

The forest products literature has many examples of
new advancements in computerized "optimization" or "maximi-
zation" of bucking but on close inspection few of these
studies have anything to do with the determination of glo-
bal optima. For example, Ffolliot and Barger (1965) de-

scribed a method for estimating multiproduct potential in
standing timber that was designed to augment forest inven-
tory procedures. This system only used a simple set of end
product specifications and pre-defined bucking patterns.

This essentially heuristic procedure would not guarantee
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that the best bucking solution is applied. Alm and Troeds-
son (1969) described a computerized otpimization of bucking
which, in reality, is a search among a set of pre-defined
patterns. There is no guarantee that the best pattern is
included in the pre-defined set. Furthermore their tech-
nique does not solve for patterns but rather forces this
burden on the analyst. Once the analyst's patterns are
available, computerization simply allows fast calculations
and comparisons. Murphy (1978) described a log merchandis-
ing system at a concentration yard that uses a small set of
pre-defined bucking patterns. The merchandiser operator
selects among these patterns based on his visual inspection
of the stem. These patterns were empirically devised by
management as reflecting their desires and notions of pro-
per bucking. It is problematical whether the optimal pat-
tern for a given stem is among these few patterns devised
by management. The review in the following sections will
not treat this literature on non-global optimum seeking
techniques. The reader of the literature should be aware
that this literature often uses terminology that confuses
the distinction with global optimization techniqgues.

What is needed is a method that can determine the
true global optimum solution to bucking individual trees.
This can replace inferior methodologies or be used as the
basis of comparison for other proposed methods. There

have been some attempts toward this goal. Worley (1963)
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used break-even analysis in determining when one kind of
log should be preferred to another. However, his analysis
is presented for a very simple set of log length and pro-
duct specifications. As this set of specifications becomes
increasingly realistic and complex, the enumeration of all
possible break-even points becomes unwieldy.

The field of operations research provides optimiza-
tion techniques such as linear programming, integer program-
ming, and dynamic programminé that are concerned with find-
ing the global optimum solution to problems. These tech-
niques differ from simulation and heuristic programming
which simply find a solution and from limited search tech-
niques which find the best among a limited pre-defined set
of alternatives. These latter techniques do not guarantee
that the solution is the global optimum nor do they provide
information as to how far from the global optimum the solu-

tion obtained from them is.

Linear Programming

The earliest operations research optimization meth-
od applied to the bucking problem used linear programming
(Smith and Harrell, 1961). Their formulation was an adap-

.tation of the paper trim problem (Eisman, 1957). Tree
stems were piaced in size categories. The decision vari-
ables represent the many alternative bucking patterns for

each of the stem categories. The weakness in this
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formulation is the requirement that all possible alterna-
tive bucking patterns and their corresponding economic val-
ues must be known in advance by the analyst. This may not
be easy to do if the mix of desired products and sizes is
very complex and it can quickly lead to an extremely large
number of decision variables. One possibility suggested by
Smith and Harrell is to provide only a few alternatives for
each tree category but this usually will lead to suboptimi-
zation. In the absence of constraints reflecting timber
supplies, market demands or facility constraints, the task
of developing the alternative patterns and their economic
worth is tantamount to solving the problem as the pattern
with the highest economic worth for each stem category
would be chosen. Therefore, this formulation has potehtial
usefulness only when constraints are present. Smith and
Harrell considered constraints reflecting demands for the
various kinds of logs and constraints reflecting the avail-
ability of trees in each category. Their objective was to
select the set of cutting patterns and the number of times
each is used in a way that satisfied these constraints and
maximized profits.

In addition to the burden of knowing in advance all
possible patterns and their returns, this formulation leads
to other difficulties. First, the linear programming as-
sumption of perfect divisibility can result in solutions

that indicate that certain bucking patterns must be applied
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a fractional number of times. For example, the solution
might specify that, for a particular category with say 11
trees, one bucking pattern should be used 5.4 times and an-—
other 6.6 times. Clearly a tree cannot be bucked by .4 of
one method and .6 of another. Integer programming would

resolve this difficulty but would not alleviate others.

The linear progra

nming approach poses a number of

L

technical difficulties in addition to the rapid increase in
the problem size to handle more realistic problems. Within
the linear programming formulation, there is no way to re-
alistically treat the taper of the trees or calculations of
log dimensions and volume based on taper. These calcula-
tions must be handled outside the linear program. Valua-
tion of logs, which often incorporates unusual price pre-
miums, would be difficult to handle and the influence of
quality which, through the log grading systems, often in-
volves the size, type, frequency and location of defects,
would be impossible to handle within linear programming.
Obviously, the Smith and Harrell linear programming formu-
lation involves placing a heavy burden on the analyst who

must consider the management log specifications, the scal-

. ing and grading rules and end products in defining all

possible alternatives for each tree category. Since this
is largely the problem for which a solution technique is
sought and since it is unlikely that. the analyst could de-

termine all possiblities in a reasonable amount of time
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especially in realistic integrated utilization problems,
other formulations are necessary.

Another linear programming formulation for bucking
individual stems considers each tree to be divided into
short equal length segments (Forster, 1967; Forster and
Callahan, 1968). Tree description data include species,
dbh, sawlog height, pulpwood height and the height of each
degrading defect. A preliminary computer routine subdi-
vides the tree into 2 foot segments, calculates the weight
(for assessing transportation cost) and appropriate scaling
measure for each potential sawlog, veneer log, pulp bolt
and cooperage bolt. Defect heights are used to aid in as-
certaining the grade of potential logs. The conversion
surplusl of each potential log is calculated based on log
prices and costs of bucking, loading and unloading and
transport to alternative markets and a linear program ma-
trix is formed to determine the optimal bucking and allo-
cation. Allocation is based only on the log type and mar-
ket location and is not constrained by facility demands,

timber supplies or other factors.

) lConversion surplus is the difference between the
sales value of that amount and quality of the firm's end
product that can be made from the tree and all of the
variable costs of converting the tree into this product.
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The linear programming model is as follows:

n
MAX P = ) C. X.

st ) a,. X. = b,
i=1 *I *

e
It

the number of units of a particular log type from a
particular portion of the stem to be produced for a
particular mill location. 3Jj=1,...,n log to market ac-

tivities

0
il

the conversion surplus associated with converting a

particular portion of the stem into a log to be sent to

a particular mill location

P = the conversion surplus of the tree

b. = the amount of the i-th input available in the i-th 2-
foot segement i = 1,2...,m segments in the tree

aij==the amount of the i-th input needed as part of one
unit of output~in the j-th log to market activity.

The m constraints in the linear program simply in-
sure that each 2 foot stem length can only be used in one
log to market activity. This model was solved for indivi-
dual trees to determine the optimal conversion surplus when
they were skidded in tree length form to a roadside landing
for bucking. Conversion surplus calculations may have to
be modified for other logging systems. The felling, limb-
ing and skidding costs were deducted from the optimal buck-

ing conversion surplus to determine if the tree itself was
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worth harvesting. The model was used to: (1) examine the
influence on marginal log size of absolute distance from
the bucking site to a mill; (2) to examine the influence on
marginal log structure of the relative distance from the
bucking site to different mills; and (3) to determine the
effect of changing relative log prices.

Apparently, this model was limited to individual
tree bucking because of the large linear programming matrix
that developed when mature trees were considered. By di-
viding the tree into 2 foot segments, including several log
type/size options, and including several mill locations
this approach leads to a large number of log to market ac-
tivities for a given stem and a large number of con-
straints. The model also has the disadvantage that all
possible log to market activities and their associated con-
version surplus values must be known in advance. These
factors result in a large problem and a burden on the ana-
lyst. Also, since all! of the log size possibilities must
be an integer multiple of the stem segment size, different
log length specifications could lead to a smaller stem in-
terval. This would require substantial reformulation and
would greatly increase the size of the linear program. In
addition many of the proceeding comments regarding the as-
sumptions involved in using linear programming apply to

this formulation as well.
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Dynamic Programming

Since the approaches using linear programming
posed a number of difficulties, researchers began to exam-
ine alternative operations research methods. Dynamic pro-
gramming is attractive because it does not contain the re-
strictive linear programming assumptions. Although some
progress has been made, the use of dynamic programming is
more difficult because of the lack of "canned" computer
programs for routine solution of dynamic programming prob-
lems and the impression from the use of this technique in
solving other problems that it would require excessive com-
puting capabilities.

Dynamic programming is an optimization technique
that is particularly adaptable to problems requiring a se-
quence of interrelated decisions. Each decision transforms
the current situation into a new situation. A sequence of
decisions which in turn yields a sequence of situations, is
sought that maximizes or minimizes some measure of value.
In contrast to linear programming, there does not exist a
standard mathematical formulation for all dynamic program-
ming problems nor does there exist a standard algorithm
" like the simplex method for the solution of dynamic pro-
gramming problems. The only thread common to all dynamic
programming problems is some form of recurrence relation-

ship and the principle of optimality. Appendix A provides
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a brief description of the main concepts of dynamic pro-
gramming for the reader unfamiliar with this technique.

The earliest reference to the use of dynamic pro-
gramming for solving the bucking problem attempted to f£ind
the bucking points giving maximum total value for an indi-
vidual tree within the framework of tree characteristics,
log grade specifications and the market value of logs in
each grade (Clemmons, 1966). Log specifications were given
by management and included required dimensions and log
value. Log grading was based on a simple system that in-
cluded only the range of knot sizes and range of percent
clear log surface area allowed in each grade. No details
of the formulation were presented.

Strand (1967) applied dynamic programming in devel-
oping tables for Scots‘pine (Pinus sylvestris) showing the
optimal value and number of logs according to tree dbh and
height class. He later discussed the poutential application
of the model to bucking operations at mills (Strand, 1968).
However, he did not present details of the formulation in
either paper.

The first detailed presentation of dynamic program-
ming applied to bucking was given by Pnevmaticos and Mann
(1972). The optimization is based on considering log
prices and the cost of bucking. Referring to Figure 1 and
assuming that bucking proceeds from the large end of the

stem toward its small end, define
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D = large end diameter of stem
d = small end diameter of stem
L = stem length

1., Pi = log length desired by management and asso-
ciated price per unit length

lmin = MIN [li] smallest log length = dynamic pro-
gramming stage interval

1 = MAX [li] largest log length

n=1,...,INTEGER (L/lmin) = stage number such that

n*lmin is the locus of a trial bucking point

above the base of the stem

j = state (decision variable) = number of stage in-

tervals to be combined into one log

1
1< 3 <MIN |n, 7=
min

This constraint insures that at least one

minimum length log is removed and that the
longest length that can be removed is the
smaller of the distance from the stem base to
the current stage or the maximum log length.

This constraint can also be specified as

1 . < j* . < min |n*l_. 1
min — J lmJ.n — min’ "“max

j*1_. = length of a trial log; j*1

min € (li)

min
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dS = large and small diameters of a logof length

calculated using D, d, and L and

assuming the stem is a truncated cone.

g = log grade

fn (L,D,d) = MAX

J

z

. 7
g Vg [é*lmin' dl’ dsJ *Q

2% — S * s
E lmin’ dl’ ds] C E lmin, Qs]

<
«Q
l .
*
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3
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l_.l
e
L= 1
[

value of a trial log of grade
1% 1 -
g, length j lmin’ large diam

eter d and small diameter

1

d
S

* .
li Py where li is the log
length corresponding to

j*1 and P; is the corres-

min
ponding unit price.
probability that a trial log

1% l -
of length j lmin' large diam

eter d and small diameter

ll
ds is of grade g.

cost of cutting through diam-
meter dS in removing a trial

1%
log of length j lmin'
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£ L ge1

min min * -
1 . [% lmin J lmin’ D, d%}
min

n*1l

= * -— K
ey l;’ Yin T 3 nins Do dl]
L

= the optimal solution for bucking the por-
tion of the stem between its base and the
large end of the trial log of length

1%
] lmin'

value of the optimum solution for bucking

fn (L, b, 4)
the stem through the n-th stage.

They also show that it is a simple matter to formu-
late the model to consider bucking as proceeding from the
small end of the stem toward its large end.

It may be instructive to illustrate this model with
an intuitive example. Assume for illustration that only 8
and 16 foot logs are to be considered and assume bucking
will proceed from the stump end toward the top of the stem.
The following comments will however, be equally valid if
bucking were to proceed from the top toward the stump.

Referring to Figure 2, it is obvious that the buck-
-er can immediately move tc a trial bucking point 8 feet
from the stump end since neither log length is feasible at
any point closer to the stump. At the 8 foot point the

bucker has the option of bucking an 8' length or he could
4
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move another 8 feet and consider cutting a 16' log or two
8 foot logs. Assume he records the wvalue associated with
bucking at the 8' point and moves on the the second trial
bucking point located 16 feet along the stem. Here he can
consider bucking a second 8 foot length to go with the one
he already knows he could buck at the first trial bucking
point or he could buck a 16 foot length. He could also do
nothing at 16 feet because there is the possibility of mov-
ing another 8 feet and considering, among other alterna-
tives, an 8 foot log followed by a 16 foot log. In this
case no bucking would occur at the 16 foot point. Assume
the bucker calculates the value associated with bucking a
second 8 foot log (adding it to the value of the first one)
and the value of one 16 foot log, compares the results and
stores the better choice if he is to buck at 16 feet. The
bucker then proceeds to a third trial point at 24 feet
where he similarly evaluates and compares the alternatives
of three 8 foot logs, an 8 foot log followed by a 16 foot
log, and a 16 foot log followed by an 8 foot log. Since
there is insufficient stem to proceed further, the optimum
choice at this last trial bucking point leads to the opti-
mum bucking for the entire stem.

In this form, Pnevmaticos and Mann have made a num-
ber of assumptions that greatly restrict use of the model.
(1) By defining the stage interval as the minimum length

log that is acceptable to management, they preclude many
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possible sets of log specifications since all log lengths
must be an integer multiple of this stage interval. For
example, if 8 feet is the minimum length log then other log
lengths can only be the integer multiples 16, 24, etc.

This definition prevents the model from being applied to
many situations such as when a trim allowance must be added
and when intermediate log lengths are desired. (2) Taper
was oversimplified by assuming trees have the form of trun-
cated cones. Many taper curves are available in the for-
estry literature that could replace this assumption. (3)
Valuation was based only on log length while in actual
practice valuation is more typically accomplished on a vol-
ume or weight basis. (4) Quality is unrealistically
treated by assuming that the probability is known that a
log of given dimensions is of a particular grade. Informa-
tion of this nature is generally not available and this ap-
proach to quality fails to reflect the actual practice of
applying log grading rules wherein factors such as minimum
log diameter and the type, size, frequency and specific lo-
cation of defects along the log are important. Log diam-
eter limitations may also be specified by management be-
cause of facilities limitations. For example, a veneer
”Alathe may not be able to accept a log larger than 48 or 60
inches. (5) They only consider that portion of the tree
remaining after stump and top removal. The location of

the stump and top cuts should be incorporated into the
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analysis. Taken together, these assumptions and limita-
tions resulted in a model that is far removed from reality.
Briggs (1977) has removed most of these restrictions by re-
defining the stage interval as the common denominator of
whatever mix of log lengths is specified by management, by
considering the entire tree from groundline to tip and pro-
viding for appropriate taper curve, stump height, and top
limit information. He also revised the valuation to a vol-
umetric basis and allowed for ran;gement log specifications
to include diameter constraints. Referring to Figure 3 de-
fine

D = dbh of the tree

H = total height of the tree

S = stump height

li, P/ dmin < dsi < dmax = log dimension specifi-
cations of management
for i-th log and asso-
cated price per unit
log volume

lmin = min[li] = smallest log length

lmaX = max[li] = longest log length

k = an interval of stem length that is the common
denominator of the log lengths, li’ used as dy-

namic programming stage interval
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n=1,2,...,INTEGER [ (H-S)/k)]

stage number such that n*k+s is the height to

a trail bucking point

state = number of stage intervals to be com-

.
[

bined into one log where j is such that

j*k, a trial log length, is in the

range
1 % 1 *
lmin < j*k < min (n*k, lmax)
2 %
Jj*k e (1;)

This constraint insures that at least one minimum
length log desired by management is removed and that the
longest possible log length is the smaller of the distance
above the stump of themaximum log length. Furthermore,
logs can only be of the specific lengths desired by manage-
ment.

d dS = large and small end diameters of a trial

1’
log of length j*k
These diameters are calculated on the ba-
sis of the taper curve appropriate for the
species, the dbh and total height of the

tree and the position of the log in the

tree.
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£ (H, dbh, s) = max (V [j*k, d
J
* - 3%
+ £_4ln*k - j*k, dbh, s])

- %
1 4.1 - Cli*k, 4 ]

v [§*k, dl’ dS] = value of a trial log of length

j*k, large diameter dl and small

diameter ds

= v.*pi where v, is the appropriate volume of the
log and Py its corresponding value per
unit volume.
C(j*k, ds) = cost of cutting through diameter ds in
removing a trial log of length j*k
fn—j [n*k - j*k, dbh, s]
= value of optimal solution for bucking
the portion of the tree between the
stump and large end of the trial log
£ (H, dkh, =)
= value of optimal solution for bucking
a tree, with a stump cut at height s,
through the n-th stage.
A simple extension of this model allows considera-
tion of a tree that has been broken during felling or a
forked tree as a series of separate subproblems. This mod-
‘el has been incorporated into a systems approach for anal-
yzing the utilization potential for tropical stands (Briggs,

1978). Geerts (1979) also produced a similar formulation.
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A different dynamic programming approach to bucking

was proposed by Gluck and Koch (1973) who regarded the
stage variable as the number of cuts rather than the number

of intervals along the stem. Referring to Figure 4, define

D

d Same as Pnevmaticos and Mann

L

J

li’ P; Same as Briggs' log dimension specifications
for the i-th log and associated price per
unit log volume

1

max
Same as Pnevmaticos and Mann

lmin

k = buck cut number = stage
X = length of stem above its base that can be cut

into k+1 logs with k cuts

This is the state variable

* *
(k+1)*1 . < x, < MIN E‘_. (k+1) 1ma{|

This constraint says that for any k number of cuts,
the height in the stem will be at least as great as
the number of logs times the minimum log length and
cannot exceed the smaller of the stem length or the
number of logs times the maximum log length.

d, = decision variable, length of log that can be

k
taken with the k-th cut
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- *
max O,Xk k lmax]:idk < MIN max]

~ - J
~ ~ R

Xk, 1

d min d max
This constraint says that the log length taken with
the k-th cut must be at least as long as zero or
the length of stem involved with k cuts minus k
" times the maximum log length. Also it cannot ex-
ceed the smaller of the length of stem involved in

k cuts or the maximum log length. It should be ob-

vious that also dk e (1.)
i

Xpop = X ~ dk = transformation between states
Fie(¥y) = MAX oy Ry )+ By (Xp-1)]
k

rk(Xk, dk) = return from deciding to cut the length
dk with the k-th cut based on log vol-
ume and per unit volume price

fk—l (Xk_l) = optimal return for cutting stem

length X, _; with k-1 cuts
fk (Xk) = optimal return for cutting the length of

stem Xk with k cuts

Philosophically the approach taken by Pnevmaticos and Mann,
. and Briggs optimizes with respect to the log lengths de-
sired by management while, at any stage, holding constant
the height position in the tree. The number of cuts re-

quired is a by-product of the solution. The Gluck and Koch
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approach optimizes with respect to the number of cuts. For
a given number of cuts different height points in the tree
are achieved depending on the combination of log lengths.
The actual breakdown of the stem into logs and their sizes
is a by-product of the solution. One potential difficulty
with this formulation is that the accounting necessary to
keep track of the solution may become tricky especially
with more complex sets of log specifications. In the same
article, Gluck and Koch reviewed the Pnevmaticos and Mann
approach and concluded that it was more appealing. Al-
though they introduced a taper curve and revised valuation
to a volumetric basis, gquality was not explicitly consid-
ered. In a comparison with the actual yield obtained from
bucking 21 sample stems they found that the optimum would

17 percent greater,

«Q
o]

.

give returns averagin
Deadman and Goulding (1978) described an applica-
tion of the Phevmaticos and Mann formulation to Pinus radi-
ata. They envision using the model as an aid in improving
multiple product forest inventory assessments. Although no
mathematical details were presented it is apparent that
they redefined the stage interval in a fashion similar to
Briggs. They similarly introduced a taper curve appropri-
H.ate to the species and they explicitly considered the en-
tire tree including the stump cut. They also introduced a
stochastic component to treat breakage during felling.

Each segment of a broken tree was treated as a problem
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requiring separate solution. Malformations such as large
branches and forks were treated by estimating the "dbh" of
each at 1.4 meters above its base and considering it to be
a separate "tree." The influence of stem defects on qual-
ity was treated by partitioning the stem into variable
length regions of uniform quality. This approach to gqual-
ity is unrealistic in terms of log grading practices in the
United States which involve the specific pattern, type, and
sized defects. Judging a zone along the tree as being of a
given quality makes little sense in bucking logs under
these log grading systems because the log grade assigned to
any log depends on where the log was located and bucked
with respect to the pattern of defects on the stem.

Deadman and Goulding compared the predictions of
their model with actual results of ten felling crews. The
model predicted optimum bucking given log prices, log vol-
ume, a fixed cost percent, the log size specifications and
the dimensions, malformations, breaks, and quality zones of
the tree. They sampled 25 trees bucked by each crew and
found that the model over-estimated the actual volume re-
covered by only 3.7 percent. Generally, the model, using a
constant stump height, underpredicted the crew stump height
.and underpredicted other forms of waste. Although the
total volume agreement was guite close they found that
there were substantial volume differences between sawlogs

and pulplogs and between long and short log lengths.
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Generally, the model predicted more sawlogs and longer
lengths. It is unforiunate that detailed comparisons with
the objectives of individual crews were not provided along
with the aggregate analysis. It is also unfortunate that
they did not provide-analyses on a value basis rather than
in volumetric terms as comparisons on a value basis would

undoubtedly be more revealing and meaningful.

Branch-and-Bound Method

As an alternati&eix>dynamic programming, Ramaling-
ham (1976) proposed the use of branch-and-bound methods which
are enumerative schemes for solving optimization problems
(Mitten, 1970). Theutility of branch-and-bound methods de-
rives from the fact that, in general, only a small fraction
of the possible solutions need to actually be enumerated;
the remaining solutions being eliminated through applying
bounds which establish that such solutions cannot be opti-
mal. The term branch-and-bound arises from the two basic
operations: (1) branching, which consists of dividing col-
lections of sets of sclutions into subsets, and (2) bound-
ing, which consists of establishing bounds on the value of
the objective function over the subsets of solutions. The
Asolution is found through recursive application of these
operations with provision for deleting subsets known not to
contain an optimal solution. The individual stem bucking

problem is formulated (Ramalingham, 1976) as a branch-and-

’
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bound problem by considering the alternative log lengths to
be branches. As the solution procedure moves along the
stem, the upper bound on total profit for the whole tree is
calculated as the sum of the returns from the logs bucked
so far plus the maximum possible return for the remaining
unbucked portion of the stem. Define

D, L, 1., p;r as in Pnevmaticos and Mann

1

UB [S(c, k)] TR [S(c, k)] + MRU*(L-C)

where

TR [S(c, k)] total return for a subset of total

length ¢ containing k logs

k
= I b.*p. where b. and p. are the

j-1 J 73 3 J
lengths of the specific bucked
logs in the length ¢ from the
set li specified by management
and their appropriate prices

MRU* (L-C) = maximum possible return for the un-

bucked remainder of the stem.
MRU = maximum possible return per unit
length of stem over the section

L/C

P,
M?X [:1/lé}

UB [S(c, k)] = upper bound on return for the subset

of total length c containing k logs



48
Constraints

0 <C<L i.e. the total length of a subset

cannot exceed the stem length

C= I b. bj € (li) i.e. the subset can only

contain desired log
lengths
The upper bounds for each branch are compared and the larg-
est selected as the alternative to continue examining.

Table 1 illustrates the branch-and-bound solution
of the example previously solved by Pnevmaticos and Mann
(1973) with dynamic programming. In the example, if any
part of a log enters the 10-20 foot part of the stem, the
entire log is downgraded to reflect the lower quality of
the upper stem.

Ramalingham obtained the same solution with the
branch-and-bound procedure as Pnevmaticos and Mann obtained
with dynamic programming for this example. However, it is
perplexing that Ramalingham's calculations use an MRU value
that is known to be infeasible. For example, in level 1
for the 4 foot case, the MRU of 1.23 should apply only up
to 10 feet rather than toall 20 feet. Also, since this MRU
value 1s based on a 12 foot log which must be downgraded,
"because any 12 foot log enters the lower grade 10-20 foot
section of the stem, use of $1.23 as the MRU appears to be
illogical. Even with amendments to the procedure to remove

the inconsistencies there is the question of whether the
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procedure will always find the optimum. In the case when
all log lengths are perfect multiples of the smallest log
length or when relative log value differentials are large
enough, Ramalingham's branch-and-bound seems to work. How-
ever, Table 2 shows an example in which the optimum is not
found by this procedure. In this case, the log lengths are
not integer multiples of the minimum length and some com-
binations may not fully utilize the stem. Under these con-
ditions and with specific relative price situations, the
branch-and-bound procedure proposed by Ramalingham fails to

determine the optimum solution (Bare et al., 1979).

Summary

This literature review suggests that dynamic pro-
gramming may be the most useful and practical technique for
determining the optimum solution to the bucking problem.
This problem has several characteristics that influence the
ch;ice of solution technique. These are:

1. The discrete nature of many aspects of the
problem

a. log lengths desired by management are ex-
pressed as a set of discrete lengths

b. diameter limits for logs technically suited
for various manufacturing processes are often discrete.

For example, veneer logs may be required to be no larger in

diameter than the swing of the lathe and there may be a
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minimum diameter limit as well. Similar considerations may
exist for other processes.

c. the systems for assigning log grades gener-
ally involve discrete log size intervals as well as the
specific size, type, and patterns of defects.

2. The value functions are often discontinuous be-
cause of price premiums for certain sizes and qualities.

3. The procedure for cutting a stem into logs can
be easily viewed as a multistage decision process.

When the assumptions and characteristics of opera-
tions research optimization technigues such as linear pro-
gramming, integer programming and dynamic programming are
compared to these characteristics of the bucking problem,
all except dynamic programming have assumptions that vio-
late the problem characteristics. In linear programming,
all relationships are assumed to be linear and continuous
while the bucking problem often involves discontinuous step
functions. Furthermore linear programming assumes perfect
divisibility of decision variables that can lead to illogi-
cal fractions. Although integer programming could treat
this latter difficulty, it would not remedy the former and
this technigque imposes some computational obstacles. In
order to overcome these differences between the linear pro-
gramming technique and the bucking problem, linear program-
ming formulations have forced a large amount of pre-calcu-

lation burden on the analyst. In addition to these
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difficulties, the linear programming formulations quickly
lead to a very large number of decision variables and con-
straints. The use of linear programming to solve bucking
problems has not gained significant practical use because
of these limitations. The branch-and-bound method proposed
by Ramalinéham (1976) is not promising since examples have
been found where it does not disclose the optimum solution.

Dynamic programming has been proposed by several
authors for solving multistage decision problems and can
easily treat the nonlinearities and discrete aspects of
this problem. It is also easy to incorporate the calcula-
tions forced on the analyst by the linear programming ap-
proaches into the solution procedure. In spite of the ad-
vancements with the dynamic programming approach, there are
three aspects of the bucking problem that must be incorpor-
ated before.it can satisfactorily consider all the factors
faced by a bucker. These needed features are:

. 1. introduction of tree defect data and log scal-
ing and log grading rule requirements so that the solution
process can determine the log grade and net scale of any
trial log as well as its position in the tree, dimensions,
and gross volume;

2. introduction of predictions of end product re-
covery alternative from graded logs; and

3. development and use of an appropriate decision

criterion for wvaluation.
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There are two principal disadvantages to using dy-
namic programming. First is the lack of general "canned"
computer programs to solve dynamic programming problems.
Each problem or class of closely written problems requires
that a special program be written. This is because dynamic
programming is more of a point of view towards solving a
problem rather than the.detailed mathematical process. The
development of such a program for stem bucking will be one
of the results of this study.

The second disadvantage of dynamic programming is
the so called "curse of dimensionality." 1In the act of
solving some problems through dynamic programming, the bur-
den of storing information as the solution evolves may ex-
ceed any available or conceivable computer memory. Fortu-
nately, the stem bucking problem is not afflicted with this

limitation.



Chapter 3
SCOPE AND OBJECTIVES OF THE RESEARCH

It is apparent from tﬁe discussion in the preceding
chapters that none of the approaches to optimizing the in-
dividual stem bucking problem is completely acceptable. It
is also apparent that log buckers are faced with an almost
insurmountable task in attempting to consider end product
vield, stem quality factors, log grading and scaling rules,
log dimension specifications, enumerate the large number of
log combinations that fit the stem, and select the optimum,
all while achieving a high production rate. Of the solu-
tions propcsed in the literature, none have been developed
that incorporate in detail all of the factors the bucker
must consider. Of the techniques used, dynamic programming
appears to be the most promising and flexible for the task.
However, several factors may be hindering the acceptance of
the dynamic programming approach to solving the bucking
problem. Outside of the general lack of "canned" computer
programs are the practical concerns of the size of comput-

ing facility needed and the amcunt of time that it would

-.take to establish a solution for a particular stem, and

perhaps the impression gained from models previously formu-
lated with dynamic programming that this method may be of
limited applicability.

Given the rapid evolution of computing technology,
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concern over the size and speed of computing facilities
needed to find solutions is not a valid reason for not ex-
amining and developing dynamic programming models for buck-
ing. Computing capability has evolved to a state not even
wildly imagined a decade ago and is likely to produce
startling advancements in the future. This is especially
true with the mini-computer which is affordable by almost
any business and is rapidly outdistancing the speed, mem-
ory, and reliability capabilities of the large expensive
systems of only a few years ago. It has been the experi-
ence of this writer that a dynamic programming bucking
model (Briggs, 1977) written in BASIC for the DATA GENERAL
NOVA 210 with 16 bit words and 32K of central memory can be
easily solved for large size trees in less than 2 minutes
and often in only a few seconds. As this is a fairly old
and slow computer by present standards and since BASIC
would undoubtedly not be the final language chosen for
routine operational solutions, this solution time could be
greatly reduced. Geerts (1979), for example, found that
solution times for a formulation similar to that of Briggs
using a DEC-System 10 32 bit word computer were about 6 CPU
seconds in the most complex case (1 cm stage interval and
40 assortments) and about 1/3 of a CPU second in a simpler
case (10 cm stage interval and 12 assortments). He also
found that the memory space for solving various problems

ranged up to 7K words depending on the stage interval. On
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this computer system the program instructions required an-
other 8K of memory.

Even if a dynamic programming model for bucking was
found to be operationally infeasible for direct usage in
manufacturing facilities due to computing time restric-
tions, such a model could be very useful as a basis for
providing a benchmark for evaluating operational procedures
and training personnel.

The impression that dynamic programming can only be
applied to bucking in limited cases is unwarranted. This
attitude could have developed because published accounts
have presented a dynamic programming formulation that is
overly~-restrictive and have either ignored quality, product
recovery and other important considerations that affect
bucking decisions or treated them in an unrealistic or
grossly oversimplified way. Some of the restrictions and
oversimplifactions have already been removed (Briggs,
1977) .

The following aspects of the bucking problems de-
fined in Chapters 1 and 2 are the objectives of this study.

1. To create a generalized formulation of the dy-
namic programming approach to solving the problem of buck-
.ing a tree into logs that is flexible enough to incorporate
any set of log specifications and constraihts, and utilize

realistic stem quality characteristics, log grading and
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the solution process. The model will also include flexi-
bility to consider the location of bucking at any point be-
tween the tree site and mill and evaluate logs for round-
wood scale and/or mill processing.

2. Since the quality factors and end product re-
coveries are usually specific to a particular species, the
model will be developed for Douglas~fir [Pseudotsuga menzi-
esii (Mirb.) Franco], and tested on a small set of sample
trees.

3. To verify that the model operates as intended.

4., To examine the effect of including defect data
on the optimal solution and solution time.

5. To evaluate the promise of the dynamic program-
ming bucking model as an operational and analytical tool,
suggest areas for refinement, and to suggest extensions and
applications to similar manufacturing problems.

Accomplishment of these objectives requires pro- -
gressive completion of the following phases of study:

1. Model development

a. economic framework
b. physical components
i. tree shape and quality description
ii. management specifications for logs
iii. 1log scaling and grading procedures
iv. product recovery

c. integration of (a) and (b) into dynamic
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programming form
d. design of input and output

2. Programming model logic

3. Verification and validation of the model

4, Selection of test trees, design of test prob-
lems, and analysis of results.

It is recognized that the individual tree bucking
problem is only one of many steps involved in the system of
activities that produce timber and processes and allocates
wood to end uses. There is a danger that optimization of
any single activity in the system may lead to suboptimiza-
tion in a broader context. Ultimately, the individual tree
bucking problem should be solved in the context of the
problem of optimizing the production and allocation of the
overall wood production system. The system may impose a
variety of constraints that will influence the choice of
optimal bucking. Bare et al. (1979) have reviewed the
state of the art and concluded that much work remains to be
done in this area. However it is important to recall that
at present no realistic bucking optimization model exists.
It is toward this end that this research is directed. Once

such a model is developed, examination of how to interface

it with the broader probiem will be necessary.



Chapter 4

MODEL DEVELOPMENT

Introduction

Development of a realistic stem bucking model in-
volves a number of factors that reflect the information a
log bucker must consider in making decision. These factors
are:
1. a description of the stem including
a. dbh, total height, merchantable height and
stump height
b. taper
c. bark thickness
d. defects, external and internal, as well as

sweep and crook, forks, and breaks caused by felling

2. log specifications and log scaling and grading
rules

3. the recovery of end products from logs

4. the economic framework of the log production
environment.

Careful consideration of all stem attributes is
necessary to insure that unique features affecting proper
bucking are included in the decision process. Knowledge of
these attributes is necessary in order to properly apply

log specifications and log scaling and grading practices in
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defining and measuring feasible alternative solutions.
Knowledge of how various logs will process into end pro-~
ducts is necessary especially when the bucker is producing
logs that will enter his own firm's mills. Finally, it is
important that the bucker realize the economic framework of
the production system and utilize the relevant economic
factors in establishing which alternative solution is best.
This chapter deals with the organization of these factors
into a dynamic programming model that will reveal optimum

bucking solutions.

Criterion for Decision Making

To arrive at a best solution to the bucking prob-
lem, the log bucker, or a bucking model, must include a de-
cision criterion. Although maximizing utilized tree volume
or, conversely, minimization of unused tree volume may ap-
peal tc some, most firms are interested in optimizing some
measure of economic value. One approach would be to maxi-
mize the revenue from selling logs or finished products
after processing but this ignores costs. A valid measure
of economic value for the bucking problem is the conversion

surplus criterion which is the excess of product sales
value over the direct or variable costs of production, ex-
clusive or fixed charges (Guttenberg and Duerr, 1949).
This criterion has been used in other studies of log buck-

ing (Forster and Callahan, 1968; Pnevmaticos, 1974) and in
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J
other phases of forest product manufacture (Doyle and Cal-
vert, 1961; Noreen and Hughes, 1968; Dﬁerr and Guttenberg,
1968; Bousquet et al., 1972). 1In the context of bucking a
stem into logs, conversion surplus is the difference be-
tween the final value of the products for which the logs in
the tree are used and the variable costs of converting the
tree into logs and these logs into products.

In developing this criterion there are two common
cases that appear in log bucking. First is the situation
in which logs are produced and sold on a log market. Here
the final value of the products is simply the volume of
logs multiplied by the appropriate log price which may in-
clude premiums for different log gqualities, sizes, and
uses. The variable costs of conversion are those variable
costs incurred by the operator from the point in his log-
ging operation where bucking occurs t§ the point of log
sale.

In the second situation the logs do not enter a log
market but instead are produced and processed into end pro-
ducts by a vertically integrated firm. It is in this set-
ting where information on end product recovery is vital to
_ the bucking decision process since the final value of the
products is the sum of the end product items multiplied by
their respective market prices. The variable cost of
conversion is the sum of all variable costs from the buck-

ing point through conversion to the point where the end
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product is sold.

This study will undertake to develop a model that
will consider the production of sawlogs, veneer logs, pulp
logs, and fuel bolts although other products could be in-
troduced at a later time. It will be assumed that each of
the products may be sold either in roundwood log form or
they may be processed through manufacturing facilities into
dry untrimmed veneer, surfaced lumber, unbleached kraft
pulp, or fuel chips. These manufacturing end points are
used because they reflect convenient end points for which
product recovery data are available.

Although the revenue aspect of the conversion sur-
plus criterion is relatively simple to estimate, the appro-
priate items to consider as components of the variable cost
are more difficult because the location cf bucking in the
process of conversion in part determines which cost factors
are relevant. Bucking can be accomplished at the felling
site, roadside, intermediate landing, concentration yard,
or mill site. Methods of payment, such as for stumpage,
can determine whether a cost item is fixed or variable.
Variable or direct costs are those expenses, principally
) for labor and supplies, that are directly chargeable to the
log in guestion. Whether or not these costs are incurred
depends on whether or not the log is produced. Costs that
should not be charged to the log are fixed costs that occur

regardless of whether or not the log is produced. Examples
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of: fixed costs are the costs of locating, marking, and fell-
ing the tree. Since bucking occurs after the tree is
felled, locating, marking, and felling are sunk costs and
should be charged only to the tree as a whole. These are
also joint costs in that they are shared by all logs pro-
duced in the tree. Guttenberg and Duerr (1949) illustrate
how attempts to prorate joint costs among logs leads to
erroneous decisions. Although locating, marking, and fell-
ing costs are not part of the direct cost included in buck-
ing decision making, they would be part of the direct cost
used in deciding whether or not the tree was profitable to
cut.

It was mentioned that bucking can occur almost any-
where between the felling site and mill. Exactly where
bucking occurs determines whether other logging costs items
are fixed are variable. For instance, if bucking occurs at
the stump site and the logs are subsequently skidded to a
landing, skidding is a variable cost. However, if the tree
is skidded to the landing before bucking, skidding is a
sunk cost and is irrelevant to bucking decisions.

Cost items that may be relevant to the bucking de-
cision depending on the location of bucking in the produc-
Ation process are limbing, bucking, skidding, loading, haul-

ing and unloading, chipping, and milling. In addition to
these cost items, stumpage may be a variable cost depending

on the method of stumpage payment. If stumpage is bought
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on a log scale basis it should be treated as a variable
cost since it will be paid only fof each log removed. On
the other hand if stumpage is paid lump sum, then it is
jointly shared by all trees and hence all logs regardless
of whether they are taken. In this case stumpage is an ir-
relevant sunk cost.

Formulation cf a Generalized Dynamic
Programming Stem Bucking Model

Referring to Figure 5 define
D = dbh of the tree
H = total height of the tree
MH = merchantable height of the tree
S = stump height

lui = target length of i-th log in u-th use desired

L e N e e Ned=tee)

tui = trim allowance for i-th log in u-th use speci-

fied by management
dmin . < ds._. < dmax... constraint on the minimum and
ui — ui — ui
maximum small end diameter of

i-th log in u-th use speci-

fied by management

Pgui'= unit price for a log of grade g for i-th log in
u-th use

lmin = mip [1ui + tui] = shortest log
{u,i}

lmax = max [lui + tui] = longest log

{u,i}
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k = an interval of length on the stem that is the
common denominator of the log lengths,
lui + tui; used as stage interval in dynamic
programming
n=20,1,2,..., INTEGER [ (MH-S)/k] stage number be-
tween the stump and merchantable height limit.
The height in the tree to a trial bucking point
(locus of the small end diameter of a trial
log) is n*k+S
d, = large end diameter of a trial log
ds = small end diameter of a trial log
g = grade of a trial log
j = state; the number of stage intervals to be com-
bined into one log where j is such that j*k, a
trial log length, is in the range lmin < j*k
< MIN (n*k, 1__.)
and
j*k é (1,5 + tg;)
These constraints insure that the feasible logs
considered are those in the set specified by man-
agement and that logs considered at any stage must
have a length that fits betwéen the stump and the
locus of the current stage above the stump
rguz = recovery of the z-th end product item from the

net log scale of a trial log of grade g if

placed into use u.
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Puz = price of the z-th end product item for use u.

NV (3*k, d

gu 17 ds) = net log scale of a trial log of

grade g for use u and of length
j*k, larée diameter dl’ and small
diameter ds
b = binary variable equal to zero to indicate that
a cost item is to be excluded from conversion
surplus calculations and equal to one when a
cost item is to be included in conversion sur-
plus

(§*k, d,, d_) = stumpage cost of a log grade g

lgu
for use u and of length j*k,

large diameter dl, and small
diameter dS

(§*k, d,, d_) = bucking cost of a log of grade

2gu 1" “s

g for use u and of length j*k,
large diameter dl, and small
diameter ds

(j*k, d,, d4_) = limbing cost of a log of grade

3gu 1’7 s

g for use u and of length j*k,
large diameter dl, and small
diameter ds

(3*k, 4,, 4;)

1’ s

4gu skidding cost of a log of

grade g for use u and of
length j*k, large diameter dl'

and small diameter ds

°



Csqu (3*k, dy, d)
Coqu (3*k, 4, d.)
c7gu (3*k, &y, 4)
Cggu (3%, 4y, dy)
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= loading cost of a log of grade
g for use u and of length j*k,
large diameter dl’ and small
diameter ds
= hauling and unloading cost of
a log of grade g for use u and
of length j*k, large diameter

d and small diameter ds

1’

= chipping cost of a log of
grade g for use u and of
length j*k, large diameter dl'
and small diameter ds

= manufacturing cost of a log of
grade g for use u and of

length j*k, large diameter dl’

and small diameter ds

Then the dynamic programming model is

fn(H, dbh, S) =

where

n

CSgu[j*k, dl, ds]

max (CS
J

gul3*k, dp, dJ]

+ £,_s[n*k-3*k, dbh, SI)

n

£, (n*k=j*k, dbh, §) =

= the

value of optimal solution for
bucking the portion of the tree
between the stump and the large
end of the trial log

conversion surplus associated
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with producing a log of grade g,
length j*k, large diameter dl and
small diameter ds for use u

fn(H’ dbh, S) = value of optimal solution for bucking
a tree with stump cut at height S
through the n-th stage

(i) when logs are sold on a log market

CSgu[j*k, dl, dS] = NVgu(j*k, dl, ds)

* 3 *
Pgu(j k, d;, 4 )
8

- 3 *
qzlchqgu(j k, dy, dg)

appropriate stem}

= {net log scalel{log pricel}l - {conversion oSS

(ii) when logs are produéed and processed by an inte-

grated firm

m
" = * s %
CSgu [3*k, dl’ ds] z=lrguz NVgu(j k, dl’ ds)
8
* —- * 3k
puz qzlbq ngu(:l K, dl’ ds)

end product items and log
manufactured from logs conversion costs

{total revenue from } {appropriate stem}
In this formulation it is assumed that bucking will proceed
' from the base toward the top of the tree. Although the
problem can be reformulated to proceed from the top toward

the base, this viewpoint can be easily accomplished in the

present formulation by simply viewing the tree as standing



71
upside down. In solving the problem this way, the role of
stump and merchantable height definitions are reversed and
the accounting would be slightly modified.

In addition to the accounting constraints that a
trial log, composed of a number of contiguous stage inter-
vals, meet manufacturers' length restrictions and fit in
the region between the stump and height to the current
stage, other manufacturers' constraints may further limit
log feasibility. For example, manufacturers may specify
the range of log small end diameters and soundness accept-
able for processing facilities and may even include practi-
cal restrictions on the amount of deviation from straight-
ness. These and other constraints can be easily added to
the basic formulation.

This formulation has been programmed in FORTAN IV
for the University of Washington CDC 6400/CYBER 73 computer
system using the University of Minnesota (MNF) 5.1 Eompiler.
Although the formulation is general and applicable to any
species, the programming of it for the solution of a par-
ticular problem is species dependent since many model de-
tails such as log scaling and grading practices and end
”'product use and recovery data are species dependent. In
the discussion of modeling details that follows, the dis-
cussion will focus on the solution of bucking problems for
Douglas-fir [Pseudostuga menziesii (Mirb.) Franco]. This

species was chosen for model development because of its
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significance in the forest industry and because of the
availability of a wealth of reasonably compatible data from
other studies describing nearly all of the factors needed
to make bucking decisions. This allowed this study to fo-
cus on model development rather than the development of new
data.

Before proceeding to the details of the Douglas-fir
model an overview of the solution procedure and the rela-
tionship of the computer program components to the proce-
dure will be given. Figure 6 presents a block diagram por-
traying the structural organization of the computer program
routines. Figure 7 outlines the procedures for solving the
dynamic programming formulation and indicates which compu-
ter program component performs the various steps. Appendix
B contains a listing of the program and associated variable

definitions.

Data Input

One function of the main program (BUCK) is to read
in all of the data that will be used in reaching a solution.
The input data that must be specified are basically of two
_ types; information that describes the problem setting and
information for each tree. These inputs, their FORTAN cod-

ing, and order expected are summarized in Tablie 3.
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BUCK

LDefine problem setting

y BITK
| Describe tree |

BUCR/NEWTON/TAPER
Calculate tree and sturm gross cubic
volume, inside and outside bark, and

convert to wood and bark weight

L4 DYNPED
Calculate number of staqges hetween
stump and merch. height limits

DYNPRO/TAPER

Calculate height to stage and
dianeter inside bark at stage

Each
e Possikle
Log
Is trial log feasible
a)fits between stump and current stage
b)small end (stage) diameter inside —No—»@
bark within mfr's diameter range

v

YES
DYNPRO/NEWION/TAPER
Calculate gross cubic volume,
inside and outside bark; wood
and bark weight, and gross scribner
hoard foot scale

DYNPRO

Figure 7. Procedure for dynamic programming
solution of the bucking problem.
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Figure 7. Continued

DYNPRO/DEDUCT /SWEEPR/C KR
Estimate scale losses due to
internal defect, sweep, and crook

Y DYNPRD

Does trial log meet mfr's constraints
a)amount of sweep or crook L No (:,
b)internal defect diameter

c)overall cull fraction

¥ DYNPROD

I Calculate net log scale

" DYNPRD
[ Is the trial log a sawvlog or veneer log J— No—

yes
! DYNPRO/GRADE
| Determine log grade

3

DYNPRO
[ Are log market mrices zero - —Yes ~m
o
! DYMPRO/COST
Determine conversion surplus if trial
loq is sold on roundwood market

Y DYNPRO
Are end product prices zero LYes—
T
NO
| DYNPRO/VENYLD/LUMYLD/PULP/COST

Determine conversion swrmlus if trial
log is processed through mill

S—

DYNPRO
Determine if roundwood sale or
milling is best option for trial log

. DYNPRO
Determine nurber of stage at locus of
large end of trial log and add trial
log conversion surplus to that of stage
at its large end




Figure 7.

Continued

©

DYNPRO

Is the total conversion surplus the
best so far for the current stage

No

Yes

DYNPRD

Lgistore new optirnm for current stage

J

| <
B¢

DYNPRO

[' Store optimm choice for current stagej

Next
Stage

BUCK

Find the stage with the maximm
conversion surnlus for the tree

BITCK

l Print solution for the tree

76
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Information Describing the
Problem Setting

The information describing the problem setting con-
sists of describing the environment in which bucking will
take place for every tree. These are largely definitions
and conditions provided by management. First, the number
of trees to be analyzed, number of log possibilities, dy-
namic programming stage interval, oven dry weight density -
of wood and bark and output code are read. As explained
earlier, the dynamic programming stage interval (STGL) is
the common denominator of all the possible log lengths
(target length plus trim). Another way to think of the
stage interval is that all log lengths must be an integer
multiple of it. ©Next, specifications for each log possi-
bility are read into array DATAL. There is one card for
each log possibility and the specifications include the log
product code, basis for log scaling, target length, double
end trim allowance if any, minimum and maximum acceptable
small end diameter, and log price per unit of scale accord-
ing to the scaling basis indicated by the second item on
the card. The model can presently accept as many as 20 log
possibilities. For sawlogs and veneer logs the log prices
-are for each of the four Pacific Northwest Forest and Range
Experiment Station log grades (Lane et a., 1973). For
other log products, for which log grades are not assigned,
only the first log price entry is necessary. When a sawlog

(product code 2) is read, the next card should present the
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appropriate prices of the 13 lﬁmber items and 3 residue
items listed in Table 4. The gquantity of each of these
items is estimated from a lumber recovery study of Douglas-
fir (Plank and Henley, 1976). Lumber and residue prices
must be given on the basis of the units in Table 4. This
procedure allows the introduction of price premiums for
various log grades and log lengths and for corresponding
lumber lengths. After all of the sawlog and associated
lumber and residue items are read, BUCK reads the prices in
dollars per thousand square feet (1/8 basis) for the 5 ve-
neer and 7 associateu residue items listed in Table 5. The
guantity of each of these items is estimated from equations
from veneer recovery studies of Douglas-fir (Woodfin, 1973,
1574). Finally, the prices per ton of unbleached kraft
pulp and fuel chips are read.

In specifying the roundwood log and end product
prices, it is possible to set either the roundwood or end
product prices equal to zero. The model is designed to
test for these possibilities and if the roundwood price is
zero, it assumes the corresponding log possibility is to be
evaluated only for mill processing. If instead, end pro-
_.duct prices are zero, the model assumes that the corre-
sponding log possibility is to be evaluated only for round-
wood sale. When both prices are nonzero, the model will
compare the roundwood and milling options for the log and

select the best one. Thus it is possible to use the model



Table 4

Lumber and Lumber Residue Items
Considered in the Model

84

Item Valuation Basis
1. B & Btr Select $/MBF lumber tally
2. C Select $/MBF lumber tally
3. D Select $/MBF lumber tally
4. Moulding $/MBF lumber tally
5. Factory Select $/MBF lumber tally
6. No. 1 Shop $/MBF lumber tally
7. No. 2 Shop $/MBF lumber tally
8. No. 3 Shop $/MBF lumber tally
9. Select Structural $/MBF lumber tally
10. Construction $/MBF lumber tally
11. std $/MBF lumber tally
12. Util $/MBF lumber tally
13 Econ $/MBF lumber tally
14. Sawdust $/0DT
15. Other Woody Residues $/0DT
l16. Bark $/0DT




Table 5

Veneer and Veneer Residue Items
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Item Valuation Basis
1. A $/MSF 1/8"
2. A patch $/MSF 1/8"
3. B $/MSF 1/8"
4. B patch S$/MSF 1/8"
5. C $/MSF 1/8"
6. D $/MSF 1/8"
7. Core $/cunit
8. Below grade veneer $/0DT
9. Spur trim $/0DT

10. Round up $/0DT

1l1. Green clipping $/0DT

12. Bark $/0DT
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to evaluate the logs only for roundwood sale, only for
milling, or compare these alternatives. A log possibility
should not be given for which both the roundwood and end
product prices are zero.

The last two cards describing the problem setting
indicate which of the cost items discussed in section "Cri-
terion for Decision Making" are relevant variable costs and
the appropriate cost rate to be applied. Table 6 lists
these cost items and the measurement basis for each ex-
pected by the model. To indicate whether a particular cost
item should be considered or not enter on the first card a

zero to exclude the cost item and a one to include it.

Information for Each Tree

After BUCK has received definitions of the setting
for bucking analysis, it is ready to begin analyzing indi-
vidual trees. This requires a description of each tree in-
cluding its size, shape, and quality. The data input spec-
ifications for these descriptors are also contained in
Table 3. The first of these cards indicates the outside
bark diameter at breast height (dbh), total and merchant-
able heights, stump height, height in the tree to the last
- described external defect, the number of external defects,
number of internal defects enclosed in a cylinder or ellip-
soid, number of internal defects enclosed in a wedge sec-
tion, number of crooks, presence or absence of sweep, and

number of rings per inch. The merchantable height should



Table 6

Cost Items
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Item Valuation Basis
1. Stumpage $/cunit net log scale
2. Bucking $/log
3. Limbing $/1log
4. Skidding $/log
5. Loading $/log
6. Hauling and unloading $/cunit net log scale
7. Chipping $/cunit net log scale
8. Milling, lumber $/cunit net log scale
9. Milling, veneer $/cunit net log scale
10. Milling, pulp $/0D ton of pulp
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be given the same value as total height if no factor in the
tree, such as deliquescent branching habit, prevents poten-
tial utilization. In this case, analysis will eventually
stop before the top is reached because of the presence of
minimum log small end diameter restrictions. The height to
the last described external defect allows for the possibil-
ity that stem external defect data may be lacking in the
upper portion of the tree. This height, if less than the
total height, indicates where this occurs. Any logs enter-
ing & portion of the tree above this point are assumed to
be of the lowest log grade.

If the number of externally visible defects (NEXTNL)
relevant to the log grading rules is not zero, BUCK reads
into array DEFECT the descriptions of the external stem de-
fects which are maintained on a disk file. Each defect is
read into array DEFECT which has the data structure shown
in Table 7. The model is presently dimensioned to accept
up to 250 external defect descriptions for a single tree.
The details of external defect data acquisition are de-
scribed in a later section titled "Log Grading.™

Next BUCK reads in array DELLPS a description of
each internal defect enclosable by an ellipsoid or cylin-
der. If NINTNL is zero, these cards are not necessary. Up
to five such internal defects are allowed and each is as-
summed to be described by a series of measurements along

its extent. These measurements include the height in the



DEFECT

DEFECT

DEFECT

DEFECT

DEFECT

DEFECT

DEFECT

DEFECT

DEFECT

DEFECT

Table 7

Data Input for External Stem Defects

/1)

' 7)

r8)

' 9)

»10)

defect code
defect diameter or width, inches

defect height or depth from surface of
tree, inches

defect angle of inclination
height to base of the defect, feet

degrees from zero baseline to right edge
of defect base

degrees from zero baseline to left edge
of defect base

height to the top of the defect, feet

degrees from zero baseline to right edge
of defect top

degrees from zero baseline to left edge
of defect top
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tree to the measurement point, and major and minor diam-
eters of the defect at that height (Figure 8) . The meas-
urements should include the start and end point of the de-
fect. It is presently assumed that each of these defects
have the same number (not larger than 10) of measurements
(NPTSE). After these defects are read in, BUCK determines
if there are any internal defects enclosable in a wedge
section by checking if NWEDGE exceeds zero. If so, the
procedure used for internal defects enclosable in a cylin-
der or ellipsoid is repeated except that the diameter
measurements are replaced by measurements of the circumfer-
ence in degrees from an arbitrary zero line to the edges of
the defect point (Figure 8). These data are stored in
array DWEDGE. It is assumed that each of these defects has
the same number (not exceeding 10) of measurements (NPTSW).

Next, if there are crooks, (NCROOK > 0), BUCK
reads in three parameters for each (maximum of 5 allowed in
one tree), the height to the maximum deviation point of the
crook, the maximum deviation of the actual axis of the tree
from normal condition and the length affected by the crook
(Figure 8). It is assumed that‘the maximum deviation oc-

curs at the midpoint of the affected length although this

assumption can be easily modified.

Finally, if the tree contains sweep (ISWP = 1) BUCK
reads two parameters for up to 30 points of measurement

(NPTSS) along the tree. It is assumed that sweep is
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measured by imagining a chord running from the tip through
the center of the tree base and by measuring at various
height points the deviation of the central axis of the stem
from this chord. Deviations will be noted as "positive" on

one side of the chord and "negative" on the other.

Modeling Details

Stem Taper and Bark Thickness

Quantification of the change in diameter with in-
creasing height in a stem has been studied by foresters for
at least a century and many approaches have evolved (Garay,
1979). Generally, most of the recent studies have attempted
fitting an equation by regression to taper data. These
equations usually involve the use of only dbh and total
height as independent variables. Depending on the proce-
dure used there has been mixed success in developing an
equation that accurately portrays the diameter profile of
the entire stem. Many of the equations developed have some
bias in diameter prediction along the bole. This bias
could seriously alter the mix of logs and location of buck-
ing points especially when diameter restrictions for cer-

. tain log products are specified.

A recently published taper equation developed for

many western species is of the form (Kozak et al., 1969;

Smith and Kozak, 1971):
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where d = diameter inside bark, inches, at height h along
the bole
D = diameter breast height, outside bark, inches

H = total height, feet
a, b, ¢ = coefficients determined by regression sub-
ject to the condition that they sum to zero

when h = H and 4

n

0.

Kozak et al. (1969) noted that this equation pro-
duced positive bias at 1 foot height, negative bias between
20 and 30 percent of the total height and positive bias
above 30 percent of total height to near the tree top. It
is worth noting that the degree of success achieved with
this equation occurred only after all measurements below
breast height were eliminated and dbh outside bark was sub-
stituted as the tree diameter at a height of one foot. 1In
studying Douglas-fir in British Columbia, Kozak et al.
(1969) estimated the coefficients for the taper curve as
a = .85458, b = -1.29771, and ¢ = .44313 for 97 coastal

Douglas-fir trees. Later, Smith and Kozak (1971) presented

- revised coefficients a = .80747, b = - 1.39037, and ¢ =

.58290 for a sample of 640 mature Douglas-fir trees. This
taper equation, based on this enlarged study, was selected
for use in the model but with reservations due to the pos-

sibility that there may be biased diameters along the bole
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as noted by Kozak et al. Further research may be needed to
produce a taper curve without this bias.

An alternative to the equation approach to depict-
ing stem taper would be to utilize direct measurements from
the stem. This could be easily accomplished in some set-
tings, using dendrometer data measured in the field or us-
ing electronic scanners on centralized log merchandizers.
Periodic diameter measurements along the stem would provide
the basis for interpolating intervening diameters needed by
the model.

The scanner approach has the advantage that if de-
sired, eccentricity of the circumference could be consid-
ered. Recent scanners often collect several points around
the stem circumference and are able to portray eccentric
iS. Provision for this kind of data acquisi-
tion will not be done in the present model. However, it
would be a simple undertaking to revise the model to be
based on this approach.

Since bucking trees into logs is primarily concerned
with wood fiber, consideration of bark thickness in the
calculations is important. Log diameter specifications are

defined for the inside bark dimensions of the log but tree
diameters are usually estimated outside bark hence bark
must be accounted for. Furthermore, bark is becoming an
increasingly important residue for fuel, mulch, and other

uses so its content is worth estimating. One approach to
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estimating bark is to develop a separate bark thickness
equation which predicts bark thickness along the bole.
Wiant and Koch (1974) provide several alternative bark
thickness equations. The calculated bark thickness is
added to the inside bark diameter estimated from the taper
equation. Another approach would be to develop two taper
equations: one to estimate inside bark diameter and the
other outside bark diameter. Given the inside and outside
bark log diameters from either approach, log volume with
and without bark may be calculated and bark volume esti-
mated as the difference. Bark weight can be estimated from
bark weight density. A search of the literature produced
few bark thickness equations and none for Douglas-fir.
Consequently, for the purposes of this study, double bark
thickness was assumed to be a constant percentage of sec-
tion diameter, in this case 10 percent.

The taper and bark thickness equations are con-
tained in subroutine TAPER which is accessed by the other
routines of the model and provides either diameter outside
bark (ICODE = 1) or diameter inside bark (ICODE # 1). The
subroutine must be provided with the dbh (outside bark) of
) the tree, its total height, and the height point where the
diameter estimate is desired. Figure 9 presents a simpli-

fied flow diagram of the logic of this subroutine.

Stump Cutting Practice

During felling, the decision locating the stump



Compute diameter inside bark from taper
equation

NO

Campute double bark thickness and add to
diameter inside hark

return

Figure 9. Flow diagram of sub-
routine TAPER.

%96
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height is actually the first manufacturing.cut and will be
taken as an externally given parameter. In the present
version of thé model, it is assumed that the actual stump
height for each tree is known. However this could be eas-
ily replaced by a curve modeling stump cutting practice.
Although the use of an externally given stump height can be
criticized as constraining the model to finding the optimum
bucking subject to this limitation, there may be overriding
physical limitations in felling dictating placement of the
stump cut. This does not mean that the model cannot find
the optimum bucking for the tree including locating the op-
timal stump cut. This can be achieved by giving a stump
height equal to zero and observing the location of the base
of the butt log in the optimum solution. In fact, this is
one part of the sensitivity analysis that can be achieved
with the model since by varying stump height, the influence

of this practice on the optimal solution can be observed.

Forks
Because of some accident or deliquescent species
behavior, a tree may develop one or more forks, some of
which may contain potentially useful logs. Trees exhibit-
ing forks can be treated by considering the tree as a
series of separate problems, one for the main bole and one
for each potentially usable fork. To accomplish this, the
original tree is described as usual but with the merchant-

able height limit no higher than the base of the first
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fork. Each potentially useful fork is considered tc be a
separate tree with the following definitions. |
tree height = length from the base of the fork to its
top
dbh = diameter of the fork 4.5 feet above its base
séump height = 0
merchantable height = length from the base of the fork
to its top unless there is some
reason, such as another fork, for
limiting the length analyzed by
the model.
Figure 10 presents the decomposiﬁion of a multiple

forked tree into a series of problems.

Breakage

Occasionally during felling, the stem breaks into
several segments. In this case, bucking is confined to
each seqguent. The approach taken in this study is to treat
each segment as a separate problem, by describing each as a
separate "tree." The original tree dbh and total height

are given for each subproblem but as shown in Figure 11

fu
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stump height an le height are used to define the

D]

" base and top of each segment. This is possible since the
model only bucks the tree portion defined between stump and
merchantable height. Thus these definitions can be altered

from their conventional meaning to trick the model into
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analyzing any segment of the tree that is desired. This
technique allows the model to use the proper taper and bark
thickness parameters while analyzing only the portion of
the tree between the "stump" height and "merchantable

height" limits.

Log Scaling

Scaling is the process of measuring individual
logs. Logs are generally scaled and sold in terms of board
feet, cubic feet or meters, weight, or length. Freguently
there are alternative scaling methods that can be usea for
estimating the scale of a log for an intended use. For ex-
ample, sawlogs can be scaled and sold on a cubic foot,
board foot or weight basis. Furthermore, weight can be es-
timated in the green or oven dry condition, board feet ac-
cording to many log rules such as the Scribner, Interna-
tional, or Doyle rules, and cubic volume according to
Huber's, Newton's or Smalian's formulas. Other products
have a similar proliferation of scaling possibilities. 1In
this study the following log scaling alternatives are
available for each log: cubic foot volume, Scribner board
foot volume, lineal foot, oven dry weight. These options
“were chosen because they reflect common practice in the
Douglas~fir region. It would be relatively simple to
change the scaling practices in the model. The selection
of the appropriate scaling basis for each log possibility

is made by management and is part of the data input [DATAL
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( ,2)]. In analyzing a tree it is possible and appropriate
for the model to encounter, consider, and compare sawlogs
scaled in Scribner board feet, pulpwood scaled according to
cubic volume, and fuel wood scaled ih terms of oven dry
weight.

In addition to distinguishing among scaling meth-
ods, the distinction between gross and net log scale must
be made. Gross scale is the scale of the log if there are
no defects that reduce the sound wood content or otherwise

inhibit manufacture. Net scale is the gross log scale ad-

justed for these defects.

Estimating gross scale. The log scaling procedure

in the model begins with the estimation of gross scale and
the first step is the estimation of gross cubic volume on
the basis of Newton's prismoidal formula (Husch et al.,
1972). In the model, the stem portion for which volume is
desired is assumed to be divided into an even number of
equal length sections. The diameters inside or outside
bark of each section are estimated by subroutine TAPER.
These diameter estimates, combined with the section length,
allow calculation of the gross cubic volume. In the
“model, this procedure appears in subroutine NEWTON. De-
tails of Newton's formula and this subroutine are shown in
Figure 12. This subroutine expects to receive a code indi-
cating whether volume is desired inside or outside bark,

the height in the tree to the base and to the top of the
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formula
volune = .5236% section length section 1 section section +
base diam. top dlan top diam
section counter —e———p = even = odd = even .
section i section i + l\ + X sectlon n =
top diam. top diam ’/ v T top diam.
odd even . even

Calculate section length fram height to base and top
of stem portion and number of subdivisions

Y

I Set section counter and accuwmulator to zero l

is section counter 3
0. of subdivisions

Calculate nosition in tree for which a diameter
estimate is needed ‘

| Call TAPER to obtain diameter |

is section counter at

base of first or top YES
Qf last sectio
"
does section counter _YES
have an odd value

l;acmmulate for even numbered section 1
!

Laccunulate for odd numbered section ]
|
y

[ accurnilate for base or ton
p

——

|
uncrensmt section counter ﬁ

next
section

{

cubic volume = .5236* gection length *accumulat6;1

Figure 12. Newton's formula and flow diagram of sub-
routine NEWTON.
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stem portion for which the volume estimate is desired, and
the number of segments into which the portion of the stem
will be subdivided in making the estimate. This subroutine
can be used to estimate the gross cubic volume of any por-
tion of the stem whether it is a log, the stump, or the en-
tire tree.

Subroutine NEWTON is called upon by BUCK and by
subroutine DYNPRO. When called upon by BUCK, it is used to
estimate the gross cubic volume inside and outside bark of
the entire stem and of the stump. When called upon by
DYNPRO it is used to estimate the gross cubic volume inside
and outside bark of a trial log. Except when an estimate
is desired for the whole tree, a stem portion such as a log
or stump is presently divided into four equal length sec-
tions. When an estimate is desired for the whole tree, it
is presently divided into ten equal length sections.

Upon receiving these gross cubic volume estimates,
BUCK or DYNPRO estimates bark volume by subtraction and
converts these estimates to the gross weight scale of wood
and bark in oven dry tons. DYNPRO also estimates the gross
Scribner board foot volume of a log using Knouf's rule
.4(Dilworth, 1977). This formula approximation to the Scrib-
ner rule is based on the small end diameter inside bark

(with fraction dropped) and target length of the log.

Estimating NET SCALE. Once the gross scale is es-

tablished, the log must be examined for scale reducing
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defects such as crook, sweep or internal defects such as
rot. Although the taper and bark thickness curves provide
an estimate of bole diameter anywhere along the stem, they
convey no information concerning other shape-related as-
pects of the tree such as sweep or crook. In the model,
sweep and crook are considered as scale reducing defects
only for sawlogs and veneer logs. Crook and sweep reduce
the scale of sawlogs and veneer logs since it is in the
manufacture of product from such logs where these defects
can significantly affect product yield. This generally
would not be the case for pulp logs or fuel bolts.

In the present formulation of the model, sweep and
each crook can only be described in a two-dimensional
plane. This assumption may be inadequate in some cases and
in the future it may be desirable to introduce changes to
accommmodaté a three-dimensional description. Although the
approach taken toward measuring sweep and crook may seem
impractical, such measurements would be readily obtainable
by a scanner-computer system on the infeed of a log mer-
chandizer deck. The technique for efficient collection of
such data by scanner technology or in the field will not be

considered in this study.
- Internal defects such as rots and frost cracks that
influence log scale reduction are considered by assuming
that a description of the location and dimensions of each

of these defects is present. The defect description varies
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depending on the scaling deduction method. Grosenbaugh
(1952) provided two basic techniques for treating internal
defect deductions; one for defects enclosable in a cylinder
or ellipsoid and one for defects enclosable in a wedge sec-
tion.

Subroutines DEDUCT, SWEEPR and CROOKR contain the
technique for estimating the scale reduction for internal
defects, sweep and crook. These subroutines accept the
data describing the profile of the appropriate defect cate-
gory, (refer to the section "Information for Each Tree" and
Figure 8), examine each defect location with respect to the
trial log under consideration by DYNPRO, interpolate the
entry and exit points of the defect if necessary, and use
the information on the location of these defects in the
trial log to estimate the parameters of the defect leading
to reduction estimates according to Grosenbaugh's (1952)
formulas. Each subroutine returns to DYNPRO a fraction re-
presenting the total scale reduction due to defects found
affecting the trial log. These fractions are accumulated
for the different defect categories and the total is ap-
plied to the appropriate gross scale to determine the net

scale basis for log valuation.

The loss fraction due to internal defect in an el-
lipsoid or a cylinder is estimated by scanning the data
profile for each defect from its base toward its top until

a point, if any, is found within the trial log. If this
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condition occurs, the model examines whether the defect ex-
tends only through the large end of the trial log, only
through the small end, through both ends, or if it is en-
tirely enclosed within the trial log. For each case, the
length of the defect within the trial log is calculated,
major and minor diameters interpolated if necessary where
the defect exits the trial log, and the defect profile
within the trial log is examined to determine the maximum
major and minor diameters. The scale reduction fraction
due to the defect is estimated from the following formula

(Grosenbaugh, 1952).

(major diameter) (minor diameter)
(small end diameter - 1)2

reduction fraction =

length of defect within log
) log length

The reduction fraction for each defect in the trial log en-
closable in an ellipsoid or a cylinder is accumulated and
the total is returned to DYNPRO. Figure 13 provides a flow
diagram of subroutine DEDUCT which performs these steps.

~ The loss fraction due to internal defect enclosable
in a wedge section follows nearly the same procedure as for
defects enclosable in an ellipsoid or a cylinder. The
”.principal difference is that instead of searching for the
maximum major and minor defect diameters, the model searches
for the maximum central angle within the trial log that is

spanned by the defect. The scale reduction fraction due to
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Initialize loss fraction and maximum diameter
influence for internal defects

‘7 Each
H Defect
IInitialize individual defect loss fraction I

Y
{Is defect within the trial log? ] __No ><:E:>

Yes

ach
Defect
Point

Yes-—4 Is lowest defect point within thke trial log? 1
1
No

l Is log between consecutive measurement points? I-—>No

Yes
¥
rlncrement defect point counter 7

Y Yes
[Is defect observable only at log large end P—

No

¥ Yes
ris defect observable onlv at log small end .

No

¥

rig defect unobservable at both log ends ]" Yes

No=

Defect is observable at both ends of log

scalculate length of defect in log

s interpolate defect dimensions at large end
esearch for first defect point beyond top
A of log and test for maximum defect size
within the log

einterpolate defect dimensions at small end
stest if dimensions at small end of log are

the largest

Figure 13. Flow diagram of subroutine DEDUCT.
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- the defect is estimated from the following formula (Grosen-

baugh, 1952).

central angle of defect
360

reduction fraction =

» length of defect within log
log length

The reduction fraction for each defect in the trial log
that is enclosable in a wedge section is accumulated and
the total returned to DYNPRO. Subroutine DEDUCT also per-
forms the steps that lead to the estimate of this reduction
fraction.

Sweep in a log is modeled by first locating the log
ends with respect to the measurements of sweep in the tree
and interpolating the deviation of the top and thé base of
the log from the tree chord. If there is sufficient infor-
mation to estimate sweep in the log, the deviations from
the log central axis are calculated on the basis of similar
triangles as shown in Figure 14. The maximum "positive"
and "negative" sweep deviation in inches from the log axis
are combined. The fraction loss due to sweep is estimated

from the following formula (Grosenbaugh, 1952).

maximum departure - 2]

reduction fraction = ( small end diameter

Figure 15 presents subroutine SWEEPR that deals with the
reduction due to s&eep.

Crooks are modeled by locating each crook with



111

; DEVTOP?

3

Chord from tip |— - ~
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of tree base » C B chord through center of log ends
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HTSTGE ~ HTDLCE

log length

"1
I-rq—_—————-—-—-——— —_—— -
h
:
1
)

’

SWEEP (I,1) - HTDLGE = length along
log to deviation

A point (X)
~——
y DEVBAS
DEVBAS = distance from center of log base to tree chord; from actual

measurement or interpolation

DEVTOP = distance from center of log top to tree chord: from actual

measurement or interpolation.
BTSTGE = stape height in tree, or height to small end of log
HTDLGE = height to large end of log
SWEEP (1,1) = height to deviation point X

SWEEP (1,2) = deviation of tree at point X from tree chord i.e. FX

WP = sweep deviation in log, which by similar triangles can be derived as

AC * DX/ (HTSTGE - HTDLGE)

where AC = \[(HTSTCE - HTDLGE)® - <?EVTOP - DEVBAs:i
. 12
04 =  DEVBAS + ED - SWEEP (1,2)
. SWEEP (I,1) - HTDLGE
- CUTOD — 2
ED (DEVTOP — DEVBAS) (éTSTGE s :)

Figure 14. Procedure for estimating amount of log sweep
from tree sweep measurements.
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Figure 15.
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Flow diagram of subroutine SWEEPR.
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Figure 15. Continued
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respect to the locus of the trial log and ignoring those
with no influence on it. If a crook influence extends into
a trial log, a check is made to determine if the maximum
deviation point occurs within the trial log. If not, a
check is made to determine which log end is nearest to the
crook and the deviation of that end is interpolated and
taken to be the maximum deviation of that crook in the log.
After the crook deviation influence is determined, the
length of the trial log influenced by it is estimated. The
deviation and length affected in the trial log is accumu-
lated for each crook and the total fraction loss is esti-
mated by the following formula (Grosenbaugh, 1952).

length of deviating section
log length

reduction fraction =

* maximum deviation
log small end diameter

Figure 16 presents the details of subroutine CROOKR which
incorporates these steps in estimating the reductjon frac-
tion due to crook.

In considering these scaling defects it is assumed
that the losses are additive. This could lead to a problem
. if overlapping internal defects are described. The model
would estimate the total loss due to the full extent of
each defect and add them together in arriving at a total
reduction. This could overestimate the loss factor. To

circumvent this difficulty, it is assumed that when two or
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[ initialize crook loss fraction ]

¥

is the log a pulp or fuel log or is number of

_crools zerp Yes
No
for
each
crook
estimate crook distance above and below the
point of maximum deviation and calculate the
height in the tree to the beginning and end of
the crook influence.
[ is the crook entirely outside the log 1 Yes
No
[is the maximum crook deviation in the trial log—mYes
o
does the crook influence the large end of the [Yes
log
No

1
crook influences small end of log, compute
deviation and length of log affected

ﬂ*—{fzgmpute deviation and length of log affected

deviation equals maximum crook deviation
compute length of log affected

""{ accumulate deviations and length affected J

next

compute total crook loss fraction and insure
that it is in the range 0,1

return

end

Figure 16. Flow diagram of subroutine CROOKR.
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more such scaling defects overlap, the defect profiles in
the overlap zone will not be repeated. It may be useful as
experience is gained with the model to amend the procedures
in DEDUCT, SWEEPR, and CROOKR so that the model estimates
and compensates for the extent of overlap of scaling de-

fects.

Log Grading

A critical factor involved in producing lecgs is the
recognition of extgrnally_visible defects and their role in
ascertaining the quality of a prospective log through the
application of log grading rules. In this study a descrip-
tion of each externally visible stem defect and defect in-
dicator relevant to the grading rules is available to the
model. The description indicates the type of defect, its
dimensions, and its location in the tree. This informa-
tion, combined with the locus of a trial log in the tree
and the provisions of the log grading rules, allows the
model to inspect the defects in a trial log and assign a
log grade to it. In this study, the log grading rules de-
veloped for Douglas-fir by the U.S.F.S. Pacific Northwest
Forest and Range Experiment Station (Lane et al., 1973;

" Lane and Wocdfin, 1977) for sawlogs and veneer logs will be
used. The provisions of these rules are summarized in
Table 8. Although designed to aid in timber cruising,
these log grades can also be used in grading bucked logs.

The rules are a four grade system in which a log in
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any grade can be considered to be either a sawlog or veneer
log.. The selection of this log grading system was based on
its compatibility with lumber and veneer recovery studies
also developed by the Pacific Northwest Forest and Range
Experiment Station. Together, these log grades and recov-
ery studies provide a basis for performing bucking analyses
that include quality and end product yield. There are no
conceptual problems in changing the model to accommodate
another log grading system and associated recovery studies.
This change would involve revising program DFLE, and sub-

routines GRADE, LYMYLD, and VENYLD of program BUCK.

External defect data acquisition. Preparing de-

scriptions of the externally visible defects and defect in-
dicators involves acquiring this information from the tree
and processing it into a form useful to the model. The
typical procedure for collecting descriptions of external
defects is through the use of log and tree diagrams (Fig-
ures 17 and 18) (Jackson et al., 1963) which portray the
type, size, and location of external defects and defect in-
dicators. Data are collected with reference to an arbi-

trary baseline along the bole corresponding to the bottom

- o0of the log diagram.

Data from the log diagrams were transferred to the
computer by means of an Altek digitizer located at the

University of Washington Academic Computer Center. The
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Figure 18.
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digitizer is a device that records x-y coordinates for sub-
sequent processing by a computer program. It consists of a
42 x 60 inch digitizing table and curscr, a keyboard, a
microprocessor based controller, a character buffer and
tape drive for magnetic tape output, and an RS-232 output
port for interactive digitizing. It is a manual system
that relies on a human operator to decide which points are
significant; the digitizer merely automates the recording
of points, it does not select them. Further information
concerning this system and its operation is contained in

University of Washington Academic Computer Center document

W00049 (1978).

The procedure for collecting defect data from the
log diagrams of a tree began with taping the butt log dia-
gram to the digitizing table with masking tape. If a log
spanned more than one log diagram, the diagrams were taped
together so that the entire log was on the digitizing
table. Three lines of data were entered into the digitizer
that consisted of information describing the tree and butt
log and digitized coordinates of three corners of the log
in the log diagram. After these three lines were com-
._pleted, the cursor was placed over each defect, the defect
type and dimension data entered, and its coordinates digi-
tized. Table 9 and Figure 19 show the general procedure
and Table 10 indicates the defect coding and measurements

entered for each defect type. Defects that are typically
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circular in shape such as knots were entered in a single
entry that included the defect code, its diameter and the
digitized coordinate of its center. For other defects, two
entries were made; the first indicating the defect code,
its width in inches around the log circumference, its
height or depth in inches from the log éurface, for scars
and seams the angle of inclination from the vertical log
axis, and the digitized coordinate at the center of its
base. The second entry consisted of the digitized coordi-
nate at the center of the top of the defect. The length
dimension of the defect was calculated in a subsequent
program (DFLE). After all of the defects in the butt log
were digitized, its diagram was removed and replaced by the
next log in the tree. The procedure for the second and
subsequent logs was basically the same as described for the
butt log except that the first three descriptive lines only
reflect log déta. All data from the digitizing session
were stored on magnetic tape for further processing.

After the digitizing session, the tape of digitizer
coordinate values was converted to a coordinate system that
reflects the scale of the tree. In this study, the coordi-
. nate system used to locate defects in a tree includes the
height of the defect (x coordinate) in the tree and its
circumferential distance in degrees (y coordinate). The
bottom of the log diagrams was chosen as a convenient zero

degree baseline for locating the circumferential position
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of defects. The program, DIG, converts the digitized data
into this tree coordinate system. This program makes use
of University of Washington Academic Computer Center sup-
plied software (1978) that simplifies the task of digitizer
data convefsion. The details of program DIG are described
in Appendix C. The result of this program is a permanent
record of the tree in the form of a punched card deck with
the structure shown in Table 1l1.

The defect data is processed through two additional
steps by program DFLE. These steps reduce the calculation bur-
den that would otherwise be borne by the bucking model and
eliminates from further consideration all defects that have no
influence in the log grading rules. The first step involves
creating a simplified record of each defect in the form shown
in Table 7 that is used as a data input to the bucking model
This involves calculating the height to the base and top of
the defect and the circumference to the corners of a rectan-
gle or trapezoid enclosing the defect as shown in Figure 20.
By performing these calculations in a separate program and
merging the two record digitizer descriptions of many de-
fects into a single simplified record, many redundant calcu-
“lations are removed from the bucking model which would re-
peat many of these steps for the same defect during dynamic
programming stage iterations. As a further step in reduc-
ing the computational burden in the bucking model, DFLE

screens out all defects that are not relevant to the log



Table 11

‘Structure of Card Deck Produced for
Each Tree by Program DIG
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Format
Card 1 tree card indicator, T Al0
tree number F8.2
tree dbh F8.2
total height F8.2
stump height F8.2
butt log number F8.2
height to the base of the butt log F8.2
length of the butt log F8.2
Card 2 tree card indicator, T Al0
3 crook measurements for butt log 3F8.2
2 sweep measurements for butt log 2F8.2
M Defect defect card indicator, D AlQ
Cards height to defect base, top or center F8.2
degrees of circumference to the center
of the defect base, top, or midpoint FB8.2
defect numeric code (Table 10) F8.2
defect dimension(s)
diameter of width F8.2
defect depth or height from surface ¥8.2
angle of inclination F8.2
Card M+3 1log card indicator, L Al0
log number F8.2
height to base of the log F8.2
log length FB8.2
3 crook measurements F8.2
2 sweep measurements F8.2
Defect
Cards .
as indicator = END Al0
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Figure 20. Defect measurements used as data
input to the bucking model.
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grading ruies. This step generally greatly reduces both
the defect storage and testing requirements in the bucking
‘model. Although it is possible to screen out irrelevant
defects during digitizing, this was found to be tedious and
reduced the efficiency of the operator of the digitizer.

It was easier to digitize all defects and remove irrelevant
ones later by computer screening. It also allows the crea-
tion of a data base for the tree that includes all defects
irrespective of the grading rules to be used. 1If another
log grading system were to beused, the time consuming digi-
tizing step would not need to be repeated. Program DFLE
thus takes the card deck fully describing all defects in
the tree and creates a disk file containing a simple de-
scriptive record of only those defects rele&aﬁt to the PNW
log grades. This disk file is accessed by program BUCK and
the data read into array DEFECT. Appendix D presents a
more detailed description of program DFLE.

Log diagrams and tree data were made available by
the U.S.F.S. Pacific Northwest Forest and Range Experiment
Station for more than 1000 mature coast Douglas-fir trees.
This information was collected during the 1960s as part of
_.studies concerned with estimating veneer and lumber recov-
ery from Douglas-fir. The log diagrams provided informa-
tion on the type, size, and location of external defects on
logs cut from these trees. Provision was also made for re-

cording individual log features such as the presence and
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amount of crook, sweep, and internal defects. Although
these diagrams provided a large potential data base, rela-
tively few trees were suitable for this study.

Criteria for selection of test trees were complete-
ness of log diagram coverage of the bole, legibility of the
log diagrams, and obtaining a range of tree size and qual-
ity. Since log diagraming was performed only for the log
segments between the stump and top of the last merchantable
log, only trees with a high fraction (about 90 percent) of
the total height included in the diagrams were sought. In
many trees, zones of breakage or cull that were not dia-
gramed produced relatively poor coverage. In searching
through the diagrams many that were suitable were difficult
to read through years of handling and storage. Xerox
copies of these were often impossible to read. Trees with
difficult to read diagrams were discarded. Of those trees
that remained, five from studv sites in Whatcom and Skagit
counties in Washington were selected. Table 12 presents
information on these trees. Trees 71 and 73 were located
in Skagit County at about 600 feet elevation on site III
(Dilworth, 1977:158) land. The remaining trees were lo-
cated in Whatcom County at 500 feet elevation on site IV
land. Generally, diagram coverage was close to 90 percent
of the tree height. For these trees only 53-77 percent of
the digitized defects were relevant to the log grading

rules.
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Defect data from the log diagrams was digitized and
processed by programs DIG and DFLE onto a disk file con-
taining only information on those defects relevant to the
log grading rules used in this study. The digitizer opera-
tion averaged one hour per tree which undoubtedly could be
reduced by an experienced operator. Since log diagram cov-
erage omitted the portion of the tree above the last log
cut in the original study, it was assumed that, whenever a
trial log in the model reached above this point, the log
would be rated as the lowest log grade, grade 4. This is
accomplished by a test within subroutine DYNPRO and could
be easily modified.

The methods used in this study for the acquisition
of internal and external defect data are fairly tedious and
time consuming. This approach would prevent the model from
having practical application in a production environment,
although it may be a reasonable approach for analyzing
selected trees for research, inventory, or t?aining pur-
poses. However, automated scanning technologies are evolv-
ing at a rapid rate and it is likely that breakthroughs
will occur that will introduce defect scanning as a rou-
tine activity especially in the production environment.
-For example, Lakatosh (1970), McGinnes and Shigo (1975) and
McDonald (1978) have explored techniques ranging from pho-
tographic to ultrasonics to x-rays that can be used to de-

scribe internal or extenal defect profiles in trees, logs,
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timbers and boards. It is interesting to note that a new
sawmill is being built in Finland with the provision for
later inclusion of x-ray scanning for internal defects at
various processing stations (Anonymous, 1979). These ad-
vancements, coupled with the rapid evolution of computers
adaptable to manufacturing process control may mean that
computer based optimization of tree length or long log
bucking using defect information automatically provided by
scanners and an optimization model such as is being devel-

oped in this study will be a reality in the near future.

Grading veneer and sawlogs. The defects relevant

to the grading system for the tree are read by BUCK and
stored in array DEFECT. These data are transferred to sub-
routine GRADE which determines the highest grade that a
trial sawlog or veneer log under consideration by DYNPRO
can achieve.

The first step in GRADE is to scan the array (DE-
FECT) containing the defects along the bole and transfer
into arrays TRLDF or BL those that occur between the base
and top positions of the trial log. When a defect exténds

only partially into a trial log, exit point information is

-. interpolated.

In grading a log, certain peculiarities of the
rules help define procedural logic. As can be observed in
Table 8, establishing the influence of most defect types on

the log grade involves counting the number of grading faces
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that contain the particular kind of defects. Grading faces
are established by dividing the log circumference into four
equal quadrants. The objective is to find grading faces
that concentrate defects on as few faces as possible there-
by maximizing the log grade that can be assigned. In sub-
routine GRADE the grading faces are initially established
so that the zero line along the bole established in log
diagramming coincides with the break between grading faces
1 and 4. After ascertaining the grade with the initial
locus of the faces, a 10 degree shift is made and the log
regraded. 'This procedure is repeated up to a maximum of 9
times. The maximum grade found among the 9 examinations is
returned to DYNPRO as the log grade. The procedure can
terminate earlier if, for any set of grading faces, the
highest log grade is established. The procedure for the 10

de " shift involves subtracting 10 degrees from the cir-

W
(]
D
D

cumferential location of each defect in the trial log.

This is like imagining holding the grading faces in a con-
stant position while rotating the log counter clockwise

10 degrees between gradings. The 10 degree interval can be
made smaller but at the expense of increased computing
time. Use of this interval does increase the chance that
.Athe highest possible grade for a trial log will not be
found. Reduction of this interval to one degree greatly
reduces this possibility but greatly increases computing

time.



136

Although most defects are considered with respect
to these fixed grading faces, some, such as sound burls are
considered differently. 1In the case of sound bkurls, the
grading faces may be shifted to determine minimum number of
faces that contain all of them. In the case of other de-
fects, such as conks, cankers, unsound burls, and most rot-
ten knots, their mere presence will, after the grade has
been established without considering them, cause the grade
to be lowered to the next lower grade. These considera-
tions led to the following order in treating the defects.

1. Examine sound burl to assign a preliminary
grade;

2. establish up to 9 sets of fixed grading faces
and continue grading;

3. examine final grade reducers.

In grading, it is assumed that a log is of the
highest grade until a degrading influence occurs. For this
reason, it is generally more efficient to program rules for
the more common defects early since, if they reduce the
grade, the rules for less common defects in higher grades
can be ignored. The order of the defects shown in Table 8
was used as the defect testing hierarchy in establishing
Athe grade based on a particular set of grading faces.

The overall scheme of subroutine GRADE is portrayed
in Figure 21. Sound burls within the confines of the trial

log are placed in array BL and all cthe? defects within the



Screen defects on the tree to find those that
are relevant to the trial log

store sound burls in array BL

store all others in array TRLDT

y
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of the sound burls

Establisk a preliminary log grade based on

sound burls

lDid sound burls reduce log to grade 4
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]
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Set of
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f?é:ly defects within grading faces

!

start with the best possible grade after
the inspection of sound burls

inspect the tally for each defect category
and compare with grading rule requirements
reducing grade as needed

if the lowest grade is reached for any defect
category go to the next step

y

store the best grade found for the grading

faces
Y

was grade 1 achieved

l Yes 3

Figure Zz1.
sawlogs.

Procedure for grading veneer and
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trial log are placed in array TRLDF. Next, the minimum
circumference, in degrees, containing all of the sound
burls is found and a log grade based on this information is
assigned. If the sound burls cause the log to be graded as
grade 4, grading is finished and this grade is transferred
back to DYNPRO. Otherwise, the 9 sets of fixed grading
faces are examined and the best grade for iterations exam-
ined so far is stored. In each iteration, array TRLDF is
scanned fcr defects in each category and those found are
tallied by grading face. The grading face tally is com-
pared with the rule requirements and the highest possible
grade allowed is noted. During an iteration, if the grade
reduces to grade 4 the search for that iteration ends and
the next iteration is stated. This process continues until
all 9 possibilities have been examined and the best grade
found among them is returned to DYNPRO. The procedure may

terminate prematurely and return to DYNPRO if any iteration

results in a log grade of 1.

Details of subroutine GRADE. Figures 22, 23 and

26-35 provide a detailed flow diagram of subroutine GRADE.
The problem of converting this particular log grading system
-into computer instructions is not difficult but as the
reader will notice, it does lead to a fairly lengthy com-
puter code in order to incorporate all of the features and
possibilities. In practice a relatively small portion of

GRADE is executed for any given log since many provisions



initialize arrays which store all sound burls, BL,
and all other defects, TRLD¥, within the trial log

!

initialize log grade variable and counters of
defects in BL and TRLDF and calculate length of
trial log

is the defect base above ‘the top of the trial
log or is defect top below the base of the trial pF—Yes=
log

No

1

I count the defect and store it in TRLDF

v

l is the defect base below the base of the trial lo

T
No

['is the defect top above the top of the trial lqg;é}- Yes
No

Yes

interpolate where defect exits base of the trial
log

interpolate where defect exits top of the trial
log
v

“—» is the defect a sound burl — No—>

Yes
J

transfer height to base and top of burl to BL
from TRLDF and find the maximum and minimum locus
of burl circumference and store in BL. Increase
burl counter.

adjust the counter for TRLDF

—

Next
external
Hefect in thd
tree

Figure 23

Figure 22. Flow diagram of subroutine GRADE -
finding defects that are relevant to the trial

log.
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initialize variable storing minimum log
circumference spanifed by sound burls

)

Iare there any sound burls ]———No—»@
T

Yes

¥
Yes———{zs there more than one sound burl 1

No

calculate the log circumference spanned by the
burl, being careful of the case where it may
cross the zero line for defect coding

L ;@
sort burls in order around log from the zero
line. Sort based on burl edge closest to zero

line and sort is counter clockwise or ''right"
to ""left", Zero line is on right

Y
check if any burls are completely overlapped
by others and if so eliminate them from
array BL

starting with the burl closest to the zero
line and proceeding right to left (0° to 3600°)
to the next to last burl, find the maximum
clear face distance in degrees between two
adjacent burls

\
index the first and last burls, calculate the
clear face distance between them and test if
this is the maximum clear face distance

\

compute the minimum log circumference in
degrees that contains all sound burls

Figure 23. Flow diagram of subroutine GRADE -
assigning a preliminary log grade based on
sound burls.




Figure 23
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. Continued

[;reliminary log grade ~ 1

¥

is minimum circumference containing sound
burls between 90° and 270°

No

Yes
]

|;reliminary log grade = 2

is minimum circumference containing sound

burls >2700
[

Yes

[;reliminary log grade = 4

’Iis lop prade = 4

Yes

{

Return

{  Figure 26 ;:
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in the rules either do not occur because of the lack of
certain kinds of defects or because other defects may have
already degraded the log sufficiently to allow avoiding
consideration of other features.

The subroutine begins by initializing arrays BL and
TRLDF which respectively store the information on sound
burls and all other defects that occur wholly or partially
within the trial log. The first step in subroutine GRADE
utilizes information from DYNPRO regarding the position in
the tree of the trial log and examines the tree defect
array (DEFECT) and transfers those involved in the trial
log into arrays BL and TRLDF. As this is accomplished,
GRADE determines if the defect is wholly or partially in
the trial log and in the latter situation interpolates de-
fect exit points from the trial log. This procedure is
ocutlined in Figure 22.

The next phase (Figure 23) examines the effect of
sound burls and assigns a preliminary grade to the log.
GRADE first checks to determine if any sound burls are
within the trial log and, if there are, whether or not more
than onz sound burl is present. If only one burl is pre-
sent, the maximum log circumference in degrees affected by
it is calculated by subtracting the burl circumference
points closest to and further from the zero baseline. Care
must be taken in distinguishing between the case when the

burl does not span the zero baseline from situations when
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it does. As can be seen in Figure 24 burl A spans 123
degrees of log circumference. 1In the case of burl B which
is split by the zero baseline one cannot simply subtract
the two values. In subroutine GRADE, this is taken care of
by subtracting 360 degrees from the left portion of the
burl, effectively creating the dashed image. Another sub-
traction yields 50-(-30) = 80°, the correct result.

When multiple burls are present, GRADE must find
the smallest log circumference that includes all of them.
Referring again to Figure 24, this is done by first sorting
the data in array BL on the basis of the burl edge (R)
closest to the zero line. Then a check is made to deter-
mine if any burls are completely overlapped by others. If
so these overlapped burls are zeroed from BL. Next GRADE
compares each burl to the nearest neighbor on its left,
calculates the clear log circumference between them. The
maximum clear log circumference is retained. Finally the
last burl is compared with the first burl and the clear
distance is compared with the best of previous tests. When
finished, the minimum circumference distance spanning these
burls is 360 degrees minus the maximum log circumference
not containing burls. This value if compared to the log
.'grading requirements for sound burls. If the circumference
containing the burls is less than 90 degrees the log is ten-
tatively grade 1. 1If the circumference containing the

burls is between 90 degrees and 270 degrees then the log is
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360° Top of Log 0°
215° 92°
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330° 50°
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B W@[ > 330° - 360° = -30° = R
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R -OP 1?0 L'
! 1
l:i
L R
360° base of log 0°

Burl C can be eliminated since burl A spans it
Find the clear circumference between left edge of B
and right edge of A, between left edge of A and right

edge of B, etc., and store the maximum clear circumference.

Theg minimum circumference containing ail burls is
360° minus the maximum interburl clear circumference

Figure 24. Method for analyzing sound burls.
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tentatively grade 2. Finally, if the circumference con-
taining the burls is more than 270 degrees then the log is
grade 4. If the log is found to be no better than grade 4
after testing burls then a return can be made to DYNPRO;
otherwise examination of other defects is required.

After the sound burls, which do not utilize fixed
grading faces, have been examined, GRADE sets up the first
of 9 sets of fixed grading faces to examine the influence
of other defects. First, the array TALLY which contains
the count of various defect categories according to grading
face is set to zero. Next, GRADE examines a defect in
array TRLDF, computes its location on the log circumference
with respect to the grading faces, and sets array IP to
zero. Array IP contains four cells, one for each grading
face. When the defect is found to influence a grading
face, the corresponding cell in IP is set equal to 1.

Thus IP is a flag indicating which faces are influenced by
a defect. Another variable, IFLAG, is used to indicate
whether any part of the defect crosses the zero baseline
which also corresponds to the break between faces 1 and 4.
It remains minus one if the defect spans the break between
these faces and is set equal to plus one otherwise.

The next portion of GRADE determines the faces in-
fluenced by the defect. As shown in Figure 25, there are
six possible cases that can occur, five of which involve

the defect crossing the break between face 1 and face 4.



146

top of log
FACE 4 FACE 3 FACE 2 FACE 1
1

i : !
1 1 1
| TOPL TOPR
L/
[} i
] 1
| J '
: BOTL | BOTR
1 ! ' -
: ] 1 H

2 i ! ! CASE 2{ §
| ! 1 .d
| | '
: | 1 B
" : | case 3l7
) i :
. i !

|
A CAST &4/ | ! | /
i | ! s :
] ! ! \ '
) ] CASE 5]
1 | [ Y
l | I
| | -
Sl | : :
)
“LCASE 6\ | ! N

! ) |
] ] 1
| ! :
H 1 1
1 1 1

360° o°

base of log

"LEFT" "RIGHT"

zero base line for defect
coding and face 1, face 4
break

Figure 25. Possible relationships of defect
enclosing trapezoids to log grading faces.
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The defect circumference point furthest to the "right" and
"left" is obtained and each is converted into the face code
number. The appropriate cells in array IP corresponding to
the faces influenced by the defect are set equal to 1.
These procedures are outlined in the flow diagram in Figure
26. It should be noted that when a defect overlaps the di-
vision between two or more grading faces, it is counted as
a defect on each face it affects.

After GRADE has‘determined which faces are influ-
enced by the defect, defect must be talliéd in accordance
with grading rule reguirement. This involves checking the
defect type and incrementing the portion of array TALLY
corresponding to the influenced faces. The array TALLY
stratifies defects by size and type categories according to
grading rule requirements. Table 13 outlines the entries
in TALLY and Figure 26 also shows the detailed flow diagram
of this portion of subroutine GRADE.

After the array TALLY is completed for the current
set of grading faces on the trial log, subroutine GRADE
compares the entries in TALLY with the log grading rule re-
quirements and assigns the highest grade possible. If,
when this comparison is completed for all defect categories,
" the best grade assigned is grade'l, an immediate return to
DYNPRO is possible. Otherwise, the best grade achieved
among the grading face sets examined thus far is stored, a

new set of grading faces is defined and the procedure is
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Figure 26.

Continued

[is the defect like case 2 Figure 25
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No
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rEase 1l set IFLAG = +1

¥

find the extreme defect corners around log

circumference

set the extreme defect corners around the
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set the extreme defect corners around the
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Y
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¥
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I
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from 0 to 1 for faces affected by the defect

case where the defect spans the face 1, face 4
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for faces affected by the defect

based on a computed GO TO statement using

the defect type code, to to the section or
the program containing grading rule specifi-
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appropriate entries in array TALLY which
counts defects by grading face
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Figure 26. Continued

Sound knots
is the sound knot diameter £ 1"

es

No

is the sound knot higher than 6" above the

<:::)‘—-Yes'—4is the knot diameter larger than 1"
F increment TALLY (1,-) for those faces flagged
in IP as containing the sound knot N

’[is the sound knot diameter £ 3"

g

log base or lower than 6" from the log top

I
No
L4

increment TALLY (2,~) for those faces flagged
in IP as containing the sound knot
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T
No

increment TALLY (6,~) for those faces flagged
in IP as containing the sound knot

I'is the sound knot diameter £ 2"
I

No Yes
L 4
is the height to the top of the sound knot
above the lower half of the log -YESW
T
No
¥
increment TALLY (4,-) for those faces
flagged in IP as containing the sound knot
is the height to the basc of the sound knot |«
below the upper half of the log -Yesq
|
No
¥

increment TALLY (5,-) for those faces flagged
in IP as containing the sound knot

increment TALLY (4,-) and TALLY (5,-) for
those faces flagged in IP as containing the

sound knot
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in IP as containing the sound knot

L 7

]
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Figure 26. :Continued

Rotten Knots
is the rotten knot diameter >3"

Mo

¥

Increment TALLY (7,-) for those faces flagged
in IP as containing the rotten knot

Increment TALLY (8,-) for those faces flagged

Yes

in IP as containing the rotten knot

1]

Knot Indicators
increment TALLY (9,-) for those faces
flagged in IP as containing the knot indicator

with diameter >1"

¥

Knot Clusters

increment TALLY (10,-) for those faces
flagped in IP as containing the knot cluster

-

Knot Cluster Indicators

increment TALLY (11,-) for those faces
flagged in IP as containing the knot cluster
indicator

()

Conks, Cankers, Unsound Burls
increment TALLY (12,-) for those faces
flagged in IP as containing these defects

®
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Figure 26. Continuecd

G —

Bumps and Bulges

increment TALLY (13,-) for those faces
flagged in IP containing these defects if
they are larger than 6" and occur in a log
portion within 8' of the ground

I

Epicomic Branches, Bird Peck, Holes
increment TALLY (14,-) for those faces
flagged in IP containing these defects

E9

i

Rotten Scars
increment TALLY (15,-) for those faces
flagged in IP as containing the rotten scar

Sound Scar
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scar aove 8' in the tree

No
¥

—YCSW

increment TALLY (16,-) for those faces
flagged in IP as containing a sound scar
within 8' of the ground

is the height to the top of the sound
scar within first 8' of the tree

L
Yes

O

is the height to the base of the sound
scar above the first quarter of the
log length

7
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Figure 26. Continued

increment TALLY (17,-) for those faces
flagged in IP as containing the sound scar

y

O ="

is the height to the top of the sound scar
above the first quarter of the log length

I

Yes
A 4

)
n

is the height to the base of the sound
scar above the second quarter of the log

length
i

No

¥

increment TALLY (18,-) for those faces
flagged in IP as containing the sound scar

v

@—No—

is the height to the top of the sound
scar above the second quarter of the log

length |

Yes
¥

is the height to the base of the sound scar
above the third quarter of the log length

Yes

No
¥

increment TALLY (19,-) for those faces flagged
in IP as containing the sound scar

Y

is the height to the top of the sound scar
above the third quarter of the log length

Yas
Y

increment TALLY (20,-) for those faces
flagged in IP as containing the sound scar

Yes
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Table 13

Structure of Array TALLY

ROW
1. number of sound knots 0" < diameter < 1"
2. number of sound knots within 6" of log ends 1" < diameter < ®
3. number of sound knots 1" < diameter < 2"
4. number of sound knots on lower half of face 2" < diameter < «
5. number of sound knots in upper half of face 2" < diameter < «
6. number of sound knots 3" < diameter < ®
7. number of rotten knots 0" < diameter < 3"
8. number of rotten knots 3" < diameter < «
9. number of knot indicators 1" < diameter < «®
10. number of knot clusters
11. number of knot indicator clusters
12. number of conks, cankers, and unsound burls
13. number of bumps and bulges at least 6" diameter and on log portion
within 8' of ground
14. number of epicormic branches, bird pecks and holes
15. number of rotten scars
16. number of sound scars on log portion within 8' of the ground
17. number of sound scars within first 25% of log length
18. number of sound scars within second 25% of log length
19. number of sound scars within third 25% of log length
20. number of sound scars within fourth 25% of log length
COLUMN
1. grading face 1
2. grading face 2
3. grading face 3
4. grading face 4
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repeated. The entire procedure for defining grading faces,
creating array TALLY, and comparing the results stored in
TALLY with the log grading rules is outlined in the flow
diagrams in Figure 27 to 35.

The details of the individual'comparisons for each
defect category are carried out in the following format.
Initially, the log has a preliminary grade assigned on the
basis of inspecting sound burls. This preliminary grade is
used as the basis for entering the defect category tests.
It was mentioned that the order for testing defect catego-
ries is the order of defects listed in Table 8. When a de-
fect category is tested, obviously there is no need to
check grade conditions higher than the preliminary grade
assigned to the log. The conditions for the current pre-
liminary grade serve as the entry point in testing each de-
fect category. If a log has been assigned a grade of 2 be-
cause of previous defect tests, then conditions for grade 2
will be the starting point for testing the current defect.
If the log meets grade 2 conditions for the current cate-
gory of defect, grade 2 is retained, otherwise conditions
for lower grades are checked until the conditions of a
grade are met. The new grade is returned and the next de-
'fect category is examined. This continues until all defect
categories have been inspected. If the lowest log grade,
grade 4, is assigned the testing of defect categories for

the current set of grading faces is terminated. When the



start with the preliminary grade, IG equal
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sound burls
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27. Flow diagram of subroutine GRADE -
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Figure 27.

Continued
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Yes——J is the preliminary grade = 1 ]
No

FEE the preliminary grade = 2 AJ--Yes
No

is the preliminary grade = 3

Note that if the log received a preliminary

grade of 4 it will never enter this program

. section

F—7Yes

Count the number of grading faces having
knot indicators exceeding 1" in diameter
TALLY (9-)

L
do more than 2 faces have any knot indicator
exceeding 1"

No

|
Xss
[preliminary log grade = 2 J

Figure 29

Figure 28. Flow diagram of subroutine
GRADE - grading knot indicators.
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.Yes.__[is the preliminary grade = 1 l
I No
[ﬁs the preliminary grade = 2 4_f——-Yes

; No

is the preliminary grade = 3
Note that if the log received a preliminary

. . . Yes
grade of 4 it will never enter this program
section
No P is there a knot cluster on any grading face

TALLY (10.-)

;Yes
[;eliminarv log prade = 2 J‘—_
¥

count the number of knot clusters on all
faces TALLY (10,-)

No-——-[gg;s the knot cluster count exceed one AAJ
Yes

r;reliminarv log grade = 3 |!

count the number of grading faces containing
knot clusters TALLY (10,-)
v

No-———{go more than 2 faces contain knot clusters AJ

Yes

fpreliminary log grade = 4 Figure 35

'i Figure 30 )

Figure 29. Flow diagram of subroutine GRADE -
grading knot clusters. :




Yes'—44is the preliminary grade = 1 AAJ
1
No
L2
|is the preliminary grade = 2 44}————Yes
No
is the preliminary grade = 3
Note that if the log received a preliminaryl———vyes
grade of 4 it will never enter this program
section

count the number of knot indicator clusters
on all grading faces TALLY (11,-)

does the knot indicator cluster count
exceed one

e N O

YYes
rpreliminary log grade = 2 441

Figure 31

Figure 30. Flow diagram of subroutine
GRADE - grading knot indicator clusters.
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Yes———{is the preliminary grade
1

No
Y

lis the preliminary grade

2 I-—Yesj

* No

is the preliminary grade = 3

Note that if the log received a preliminary)
grade of 4 it will never enter this program
section

Yes

is the base of the trial log more than 8’
above the tree base

Yes™

No

each defect
in the trial lo
in TRLD

Iis the defect a bump or a bulge

I
Yes
]

No is the bump or bulge higher than 8' in the
tree or below the base of the log

T T

es

L m4

defect

‘ Ipreliminary log grade = 2 AJ

Figure 32 )<

Figure 31. Flow diagram of subroutine GRADE -

grading bumps and bulges.
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Yes———lis the preliminary grade = 1 J

[¢]
y
ris the preliminary grade = 2 }————Yes
No
—

is the preliminary grade = 3

Note that if the log received a preliminary
grade of 4 it will never enter this program
section

Yes

Count the number of grading faces having
epicomic branches, bird peck and holes
TALLY (14, -

Y

raoes more than one face have these defectsj
Yes

No-

[preliminarv log grade = 2 J

Figure 33

Figure 32. Flow diagram of subroutine

GRADE - grading epicoimic branches, bird

pecks and holes.
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—-Yes-{ggs the preliminary grade

"
[3S]
—

-—Yes-—4gis the preliminary grade

is the preliminary grade = 3

Note that if the log received a preliminary
grade of 4 it will never enter this program
section

~— Yes

o Count the number of grading faces containing
rotten scars TALLY (15, -)

if any faces contain rotten scars and if the
preliminary log grade = 1, change the prelim-
inary log grade to 2

Y
if more than one face contains rotten scars
and the preliminary log grade = 2, change the
preliminary log grade to 3

Figure 34

Figure 33. Flow diagram of subroutine
GRADE - grading rotten scars.
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Note that if the log received a preliminary
grade of 4 it will never enter this program
section

"Yes{iis the preliminary grade = 1 AJ
0
fE; the preliminary grade = 2
‘Nn
is the preliminary grade = 3

———Yes—+<:::)

Agr_‘YES—__—____——__

'—>] is the base of the log above 8' in the tree
)

No

for
each defect
on the trial log
in TRLDF

S

is the defect a sound scar
I

Yes
¥

is the sound scar above 8' in the trec or
is it below the basec of the log

Yes

next

defect

X

count the number of faces containing sound
scars exceeding 6" x 6" TALLY (17,-) TALLY
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(18,-) TALLY (19,-) TALLY (20,-)
y

does the number of faces with sound scars
exceeding 6" x 6" exceed 1

—(D

Yes

_,@

Y Yes
does the number of faces with sound scars
exceed 2

¥ No

set to zero flag IC which will reset to 1
as soon as first face with a sound scar in
some quarter of face length is found

Figure 34.
grading sound scars.

Flow diagram of subroutine GRADE -



Figure 34.

Continued

each grading

rYes

count the number of face quarters affected

by sound scars at least 6" x 6"(TALLY (17,-)
TALLY (18,-) TALLY (19,-) TALLY (20,-)) to
determine which of the two faces are affected

is the count of affected quarters on the face
zero

RO

i

p——Yes—T

is the first face found that is affected by
sound scars i.e. is IC =0

T
No

\

store the index of the face and number of
affected guarters

store the index of the first face affected
and the number of quarters affected; change

IC to 1

Yes ido the scars affect the face 1, face 4 breakAAJ

1
No

¥

[are the faces affected not contiguous

}——Yes——

Nb

two contiguous faces are affected check if

Yes

the number of scars on either face exceeds 1

Yes—

No

are the quarters containing the sound scars
on the 2 faces adjacent

No

Ipreliminary log grade = 2

®

| Figure 35 ’

165



On

Figure 35.
ing conks, cankers, unsound burls,

..yes4 is the preliminary grade 1 AJ
No
A 4
ris the preliminary grade 2 AJ-—-Yes-q
No
| J
is the preliminary grade 3
Note that if the log received a preliminary
grade of 4 it will never enter this pregran Yes._
section 1
count the number of conks, cankers, unsound
burls and rotten knots on the log  TALLY (7,-)
TALLY (8,-) TALLY (12,-)
¥
—No—{ are there anv of these defects ]
1
Yes
lpreliminary log grade = 2 J
il
count the number of conks, cankers, unsound
burls and rotten knots on the log TALLY (7,~) |e
TALLY (8,-) TALLY (i2,-
Y
l.-No—{are there anv of these defects l
T
Yes
4
Ipreliminarv log prade = 3 AJ
is the log adjoining the base of the current
trial log a cull i.e. RLG = -1 No
l
Yis
[decrease log grade by one grade B
__No__lis the grade assigned with current grading
faces better than that assigned previously BB
Yes
store new value for highest grade assigned
so_far
y
[Ig'the best grade found so far grade 1 4}—-Yes—
N

Return

adjusting for adjacency to a cull log.
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Flow diagram of subroutine GRADE - grad-

rotten knots, and
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testing is completed, the grade assigned based on the cur-
rent grading face is compared with the best grade assigned
among all preceding grading face sets and the best result
stored. Then another set of grading faces is defined and

the procedure is repeated.

1. Sound knot conditions. Starting with the pre-

lininary log grade assigned on the basis of examining sound
burls, the conditions for sound knots are tested. If the
preliminary log grade = 1, the grading rules (Table 8)
specify that the log can have only one sound knot which
either can be larger than one inch in diameter if it is
within six inches of the ends of the log or can be no
larger than one inch in diameter if located elsewhere in
the log. These conditions are tested by examining the com-
bined count of sound knots less than or equal to one inch
diameter, TALLY (1, ), and sound knots larger than one inch
diameter within six inches of the ends of the log, TALLY
(2, ), and testing if the combined count exceeds one knot.
A second test examines if there are any sound knots larger
than one inch diameter, TALLY (3, ), TALLY (4, ), TALLY
(5,_), other than the one permitted within six inches of

- the log ends, if it exists. If either of these tests are
true, then the log cannot be grade 1 and the requirements
of the next lower grade must be inspected. If bothof these

tests are false, then a log grade of 1 may be retained and
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control transfers to testing the next defect category.

If the log cannot be grade 1 or if the preliminary
grade based on sound burls is grade 2, then the grade 2
sound knot conditions are tested. The grading rules spec-
ify that for grade 2 a log may have an unlimited number of
sound knots provided that they are confined to two faces
and provided that, if there are any knots larger than two
inches diameter, these be confined to the lower or upper
half of one of these faces. The first of these conditions
is tested by counting the number of faces having sound
knots in TALLY (1, ), TALLY (3, ), TALLY (4, ), TALLY
(5,_), and testing if more than two faces were counted.
If so, the log cannot be grade 2 and control transfers to
testing grade 3 sound knot conditions. Otherwise, a fur-
ther check must be made to determine if there are sound
knots larger than two inches in diameter on these two
faces and if these are confined to half of one face. This
is done by counting the number of lower, TALLY (4, ), and
upper, TALLY (5, ), half faces with sound knots exceeding
two inches diameter and testing if the count exceeds one.
If so, the log cannot be grade 2 and control transfers to
testing grade 3 sound knot conditions. Otherwise the log
grade of 2 can be retained and control transfers to the

next type of defect in the testing hierarchy.
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If the log cannot be grade 2 or if the preliminary
grade based on sound burls is grade 3, then the grade 3
knot conditions are tested. In this grade the sound and
rotten knot conditions are identical and are combined into
a single procedure. The grading rules specify that this
grade can have an unlimited number of sound or rotten knots
but those exceeding three inches diameter must be confined
to one face. This provision is examined by counting the
number of faces with sound, TALLY (6, ), or rotten, TALLY
(8, ), knots larger than three inches diameter and testing
if the count exceeds one. If so, the log must be reduced
to grade 4, the lowest grade. If this occurs, the testing
of the defect categories is terminated, the current grade
and all previous grades assigned through testing other sets
of grading faces is stored and the procedure involving
filling out array TALLY and testing the grade rule provi-
sions is repeated with a new set of grading faces. If the
grade 3 may be retained, control transfers to testing the
next defect category. The procedure for testing these knot

conditions is outlined in the flow diagram in Figure 27.

2. Knot indicator conditions. Knot indicators are

.a log grade defect only in grade 1 and are allowed in un-
limited numbers in grades 2, 3, and 4. Starting with the
preliminary log grade based on examining sound knots,

transfer is routed to the next defect in the testing hier-

archy if the preliminary grade is already 2 or lower.
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Otherwise the preliminary log grade is 1 and the knot indi-
cator conditions must be tested. Grade 1 permits an un-
limited number of knot indicators but those larger than one
inch diameter must be confined to two faces. This condi-
tion is tested by counting the number of faces with knot
indicators larger than one inch diameter, TALLY (9, ). If
this count exceeds two, the log cannot be grade 1 and is
reassigned a preliminary grade of 2 before transferring to
testing the next defect category. Otherwise the log grade
of 1 can be retained and control transfers to testing the
next defect category. The procedure for testing knot indi-
cator conditions is outlined in the flow diagram in Figure

28.

3. Knot cluster conditions. Starting with the pre-

liminary log grade based on examining knot indicators, the
conditions for knot clusters are examined. If the prelimi-
nary log grade is 1, the grading rules specify that no knot
clusters are allowed for the log to retain this grade.
This is tested by checking if any face has a knot cluster,
TALLY (10, ). If so, the log cannot be grade 1 and the re-
quirement for the next lower grade is inspected. Other-
wise, the grade 1 may be retained and control transfers to
'testing the next defect category.

If the log cannot be grade 1 or if the prelminary
log grade based on preceding defects is grade 2 then grade 2

knot cluster conditions are tested. This grade permits
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only one knot cluster provided it is confined to one face.
This is tested by counting the total number of knot clust-
ers, TALLY (10, ), and checking if the count exceeds one.
If the count exceeds one, then the log cannot be grade 2
and control transfers to inspection of the requirement for
the next lower grade. Otherwise the grade 2 may be re-
tained and control transfers to testing the next defect
category.

If the log cannot be grade 2 or if the preliminary
log grade based on preceding defects in the testing hier-
archy is grade 3, then grade 3 knot cluster conditions are
tested. This grade permits any number of knot clusters
provided they occupy no more than two faces. This is
tested by counting the number of faces, TALLY (10, ), con-
taining knot clusters and checking if the count exceeds
two. If so, the log cannot be grade 3 and is reduced to
grade 4, the lowest grade. If this occurs, the testing of
defect categories 1is terminated, the best of the current
and all previous grades assigned to the log by testing
other sites of grading faces is stored, and the procedure
involving filling out array TALLY and testing the grading
rule provisions is repeated with a new set of grading
faces. If the grade 3 may be retained, control transfers
to testing the next type of defect category. The procedure
for testing these knot cluster conditions is outlined in

the flow diagram in Figure 29.
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4. Xnot indicator cluster conditions. Xnot indica-

tor clusters are a grade defect only in grade 1 and are
allowed in unlimited numbers in grades 2, 3, and 4. Starting
with the prelminary log grade based on examining preceding
defect categories transfer'is routed to testing the next
defect category if the preliminary grade is already 2 or
lower. Otherwise, the prelminary log grade is 1 and knot
indicator cluster conditions must be tested. Grade 1 per-
mits only one knot indicator cluster and it must be con-
fined to one face. This is tested by counting the number
of knot indicator clusters, TALLY (11, ), and testing if
the count exceeds one. If so, a preliminary log grade of 2
is assigned and control is transferred to testing the next
defect category. Otherwise, grade 1 may be retained and
control is transferred to testing the next defect category.
The procedure for testing knot indicator cluster conditions

is outlined in the flow diagram in Figure 30.

5. Bump and bulge conditions. BRumps and bulges are

a grade defect only in grade 1 and are allowed in unlimited
numbers in grades 2, 3, and 4. Starting with the prelimi-
nary grade based on examining preceding defect categories,
~transfer is routed to testing the next defect category if
the preliminary grade is already 2 or lower. Otherwise,
the preliminary log grade is 1 and bump and bulge condi-
tions must be tested. Grade 1 allows an unlimited number

of these defects in logs or portions of logs located above
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eight feet height in the tree but allows none in any part of
the log occurring in the first eight feet of the tree.

This is tested by first checking if the base of the trial
log is above eight feet in the tree in which case transfer
is routed to testing the next defect category. If the base
of the trial log is below eight feet in the tree, the array
containing description of defects in the trial log (TRLDF)
is screened to find if any bumps or bulges occur between
the base of the trial log and eight feet height. If any of
these defects are found in this region, the log is degraded
to grade 2 and control éransfers to testing the next de-
fect catetory. Otherwise grade 1l may be retained and con-
trol is transferred to testing the next defect category.
This procedure is outlined in the flow diagram in Figure

31.

6. Epicormic branches, bird peck, and hole condi-

tions. These are grade defects only in grade 1 and are
allowed in unlimited numbers in grades 2, 3, and 4. Start-
ing with the prelminary grade based on examining preceding
defect categories, transfer is routed to testing the next
defect category if the preliminary grade is already 2 or
~lower. Otherwise the preliminary log grade is 1 and condi-
tions for these defects must be tested. Grade 1 allows an
unlimited number of these defects but they must all be con-
fined to one face. This is tested by counting the number

of faces containing any of these defects, TALLY (14, ), and
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checking if the number of faces exceeds one. If so, the log
is reassigned a log grade of 2 and control transfers to
testing the next defect category. Otherwise, grade 1 may
be retained and control is transferred to testing the next
defect category. This procedure is outlined in the flow

diagram in Figure 32.

7. Rotten scar conditions. Rotten scars are grade

defects in grades 1 and 2 and are allowed in unlimited num-
bers in grades 3 and 4. If the preliminary log grade is 1
the grading rules specify that the log cannot have any rot-
ten scars. This is tested by counting the number of faces
with rotten scars and checking if the count exceeds zero.
If so, the log cannot be grade 1 and the requirements of
the next lower grade are tested. If the log cannot be
grade 1 or if the prelminary grade based on examining pre-
ceding defect categories is 2, the grade 2 rotten scar re-
guirements are checked. Grade 2 allows any number of rot-
ten scars as long as they are all confined to one face.
This is checked by counting the number of faces with rotten
scars and testing if the count exceeds one. If so, the log
is reduced to grade 3. After these tests, control is trans-
_ferred to testing the next defect category. This procedure

is outlined in the flow diagram in Figure 33.

8. Sound scar conditions. Sound scars are a
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grading defect only in grade 1 and are allowed in unlimited
number in grades 2, 3, and 4. If the preliminary grade from
preceding tests is lower than grade 1 control is transferred
to testing the next defect category. Otherwise, the grade
1 conditions must be tested. Grade 1 permits no sound
scars of any size in any portion of the log within the
first eight feet of the tree. Above eight feet sound scars
larger than 6 inches by 6 inches in size must be all on one
face or no more than two faces in any quarter of the log
length. The first check in testing these conditions is to
determine if the base of the log occurs below eight feet in
the tree. If so, the array storing the defects in the
trial log (TRLDF) are screened to determine if any sound
scars exist between the log base and eight feet. If so,
the log is reassigned a grade of 2 and control is trans-
ferred tc testing the next defect category. Otherwise,
further testing to determine if sound scars larger than 6
inches by 6 inches occur. First, a count is made of the
number of faces containing these sound scars, TALLY (17, ),
TALLY (18, ), TALLY (19, ), TALLY (20, ). If the count
exceeds two faces than the log must be degraded to grade 2.
If the count is zero or one the log can remain grade 1l. 1In
" either event control then transfers to testing the next de-
fect category.

However, if the count indicates that two faces
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contain sound scars, further testing is necéssary to deter~
mine if the condition that sound scars cannot occur on more
than 2 faces in any quarter of the log length is met. This
is accomplished by counting the number of sound scars in
each face, flagging the faces that have these defects, and
storing the number of quarters associated with each face
having these scars. Next, a check is made to determine if
the faces containing the sound scars are contiguous. If
they are not, the log is reassigned a grade of 2 and control
is transferred to testing the next defect category. Other-
wise, the faces are contiguous and a check is made to de-
termine if the number of quarters of each face with sound
scars exceeds one. If so, the log is reassigned a grade of
2 and control is transferred to testing the next defect
category. If not, then only one quarter in each face has
sound scars and a final test is made to determine if these
quarters are contiguous. If not the log is reassigned a
grade of 2, otherwise it remains grade 1. In any event
control then transfers to testing the next defect category.
The procedure in testing sound scars is outlined in the

flow diagram in Figure 34.

9. Conk, canker, unsound burl, and rotten kno£ con-

ditions. None of these defects are allowed in grade 1 or
in grade 2 unless the log was rated as grade 1 based on con-

sidering all other defects. They are allowed in unlimited
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guantity in grade 3 with the exception of rotten knots
larger than three inches that must all be confined to one
face. This grade 3 condition was tested in conjunction with
sound knots. Finally, grade 4 has no restrictions on these
defects.

If the preliminary grade based on testing prior de-
fects is grade 1 or 2, a count is made of the number of
these defects, TALLY (7, ), TALLY (8, ), TALLY (12, ). If
the count is zero, the log retains its current grade; other-
wise, 1t is degraded to the next lower grade. In either
event control then transfers to testing adjacency to a‘cull
‘log. The procedure for testing these defects is outlined

in the flow diagram in Figure 35.

10. Adjacency to a cull log. The last log grading

test involves checking if the trial log is adjacent to a
cull log. If so, and the log is not already grade 4, the
log is reduced by 1 grade. This is checked by means of a
flag (RLG) which is set equal to minus one in DYNPRO if the
top log in the opéimal solution adjoining the base of the
current trial log is a cull. A cull log is defined as a
log having a scaling loss fraction of more than two thirds.
- This is a technical definition of a cull log and differs
from a log that is a cull in an economic sense because it
can only be produced at a loss.

After compietion of all tests, the final grade for

the current grading face set is compared to the best grade
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obtained in checking all previous sets of grading faces and
the highest grade achieved is stored. 1If this grade is the
highest grade, an immediate return to DYNPRO can occur.
Otherwise, another set of grading faces is examined. The
procedure continues until all grading face sets are exam-
ined or until grade 1 is reached after examining a particu-
lar set.

These final steps of subroutine GRADE are also out-

lined in Figure 35.

End Product Recovery

One of the objectives of this study is to allow the
bucking model to take into consideration end product and
residue recovery and their values. This is appropriate
when a firm engages in producing logs and manufacturing
them into products rather than selling them on a log market.
In this situation it is the total revenue derived from the
sale of the end products combined with all of the variable
costs of producing and milling the log that determines

whether or not a log should be produced for a given mill.

Lumber and residue manufacture from sawlogs. The

most recent lumber recovery study for Douglas-fir allows
prediction of cubic foot or board foot recovery based on
the log scaling diameter and the log grading system used in
this study (Plank and Henley, 1976). Plank and Henley

(1976) published prediction equations iny for the cubic
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recovery ratio and board foot cubic volume ratio. The
cubic recovery equation predicts the percentage of log net
volume that becomes lumber on the basis of log scaling
diameter. Given the net log volume, its grade, its scaling
diameter, and the predicted lumber percentage, the cubic
volume of lumber in the log is estimated; the remainder of
the log is residue. The lumber tally in board feet can be
estimated from the log cubic foot volume and another re-
gression equation which predicts the board foot cubic foot
ratio for each log grade as a function of log scaling diam-
eter. Multiplication of the log cubic foot volume and this
ratio yields the estimated quantity of lumber in board feet.
Plank and Henley (1976) also published tables providing, for
each log grade,'the mean quantity of sawdust, other woody
residue, and lumber grade yield according to log scaling
diameter. Rather than incorporate these lengthy tables of
raw data means into the medel, smoothed curves (Table 14)
were fitted to these diameter class means.. The lumber
grade yield equations predict the percentage of each lumber
grade of the total lumber produced in a log of a particular
scaling diameter and log grade.

Residues produced in the conversion of a log into
lumber include bark, sawdust, and green and dry scrap
items. In this study bark resiaue for every trial log is
determined in DYNPRO by subtracting the log volumes calcu-

lated from NEWTON and TAPER using diameter insidue and
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outside bark. Plank and Henley (1976) provided tabular
data indicating the mean quantity of sawdust and other res-
idue derived from converting logs of various scaling diam-
eters and log grades. These data were converted to reflect
percentages of total woody residue and were fitted to equa-
tions that are also shown in Table 14. 1In the model, the
percentage of each residue is estimated and the percentages,
multiplied by the difference between log net volume and
lumber volume, provide the estimate of each residue volume.

After the quantity of each lumber grade in board
feet and each residue of a log is estimated, the quantity
is multiplied by the appropriate lumber or residue érice.
The sum total is the gross return from the sawlog. The
lumber and residue recovery equations and calculation of
total revenue derived from processing a log into lumber are
incorporated into subroutine LUMYLD. Figure 36 is a flow

diagram of LUMYLD.

Veneer and residue manufactured from veneer logs.

With minor differences, the procedure used to predict the
yield of lumber, lumber grades and associated residues was
used in estimating the yield of dry untrimmed veneer,
__veneer grades, and associated residues. Veneer yield and
veneer grade yields from Douglas-fir are based on equations
published by Woodfin (1974) and are summarized in Table 15,
These equations estimate the percentage of veneer recovery

according to log grade and scaling diameter and estimate



1s log scaling diameter outside range of yield
equation data
Y!s

b~ No=-

set log scaling diameter to the nearest limit
of the prediction equation range

initialize variable for storing total revenue

from log products and residues and store log o
bark weight PL (1,16)

3
based on the log grade compute the cubic lumber
recovery, board foot lumber tally percentage
distribution of lumber into lumber grades

PL (1,1) - PL (1, 13) and compute the percentage
distribution of residues into sawdust PL (1,14)
and other residue PL (1, 15)

calibrate lumber grade yield percents to add

to 1007

multiply each calibrated grade yield percent
by the log lumber tally and the price of lumber
appropriate to the lumber grade and length

Y
[ accumulate lumber revenues |

!

calibrate sawdust and other residue yield
percents to add to 100%, multiply calibrated
yield percent by the total residue weight, and
residue price and add to accumulated lumber
revenues.

multiply bark weight by bark price and add to
accumulated revenues

Return

Figure 36. Flow diagram of subroutine
LUMYLD. N
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veneer grade yield as a percentage of total veneer accord-
ing to log grade and scaling diameter. Woodfin (1%73) also
published mean residue yields and shrinkage loss for all
log grades combined according to log scaling diameter.
These yields were converted to reflect percentages of the
log volume that did not become veneer and were fit to equa-
tions that are also summarized in Table 15.

The estimated veneer grade and residue yields, mul-
tiplied by log net volume and appropriate veneer grade and
residue prices reflect the gross return from the veneer
log. The veneer and residue recovery equations, and calcu-
lation of total revenue derived from processing a log into
veneer are incorporated into subroutine VENYLD. Figure 37

is a flow diagram of VENYLD.

Pulp recovery. In the model, it is assumed that

pulp logs may be processed by a pulpmill that produces un-
bleached Kraft pulp. Assuming the midpoint of the range of
kraft pulp production from softwoods of 48 to 51 percent by
weight (Hartman et al., 1974), the following equation was

used to predict pulp yield.

I

P = .51*W P pulp yield, OD tons

=
Il

wood furnish weight, OD

tons

This equation is incorporated in subroutine PULP. Revenue

is estimated by multiplying the pulp yield estimated by the
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is log scaling diameter outside range of No
yield equatjon data

T

set log scaling diameter to the nearest
1imit of the prediction equation range

Y
based on the log grade compute the cubic
veneer recovery, veneer reccvery in square
feet 3/8" basis, and the percentage <
distribution of veneer into veneer grades
vP(1,1) to VP (1,6)

Compute the percent volume loss due to
shrinkage and percent distribution of log
volume not recovered as veneer into veneer
residue items VP (1,7) to VP (1,11). Record
log bark residue weight, VP (1,12)

y

calibrate veneer grade yield percents to
add to 100% and initialize variable for storing
total revenue from leg products and residues

v
multiply calibrated grade yield by price,
converting yield to thousands of square feet
and to 1/8" basis and accumulate grade yield
revenue

]

calibrate residue yield percents to add to
100%. Convert to weight, multiply by residue
price and accumulate revenue

multiply bark weight by bark price and add
to accumulated revenues

v

Return

Figure 37. Flow diagram of subroutine VENYLD.
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kraft pulp price per oven dry ton.

Chips from fuelwood. If roundwood is to be pro-

cessed into chips for fuel, it is assumed that the entire
log including bark is chipped. Revenue is estimated by
multiplying the total weight in oven dry tons by the chip

price per oven dry ton.

Process residues. During the calculations of end

product recovery from roundwood, the model keeps a tally of
process residues in the form of bark, sawdust, and chips.
The model does not allow for process interactions whereby
residues from one process are transferred to another for
further processing. Thus veneer cores produced by VENYLD
are not submitted to LUMYLD for processing into lumber.
Presently the model only allows the user to enter prices
(positive or negative) for each residue item in each pro-
cess. These prices can be used to indicate differences be-
tween processes in creating and disposing of residues.
Estimation of Variable Costs Associated

with Bucking and the Calculation of
Conversion Surplus

As described in the section "Criterion for Decision

~- Making," the model uses the conversion surplus criterion as

the basis for optimization. This criterion expresses the
difference between end product sales revenue and the vari-
able production costs. The model has been designed to pro-

vide a great flexibility in defining the framework of this
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criterion. The model provides for selling logs in log form
on the basis of log scale, selling finished products after
processing logs through manufacturing facilities, or com-
paring these alternatives. Which of these choices is used
depends on whether log price entries in array DATAL or the
end product prices are zero. If the price entrxry for a par-
ticular log type and grade is zero the model assumes that
the log will only be processed through the appropriate
mill. If nonzero log prices are given, then it is assumed
that one alternative is to seli the log in roundwood form.
Similarly, if zero end product prices are given, the model
assumes the log will only be sold in roundwood form. If
nonzero end product prices are given, the model assumes
that one alternative is to mill the log. When sold in log
form, DYNPRO estimates the sales revenue for a log of par-
ticular grade, end use, and dimension by multiplying the
net log scale in cunits (units of 100 cubic feet) by the
appropriate log price. When logs are to be processed
through a firm's mill, the end product gross revenue 1s es-
timated by LUMYLD, VENYLD or PULP based on lumber, veneer
and pulp recovery yields and appropriate prices for these
items and associated residues. Premiums for certain types,
-lengths, and grades of logs are allowed since log prices
are entered for every log option and lumber prices entered
for every sawlog size. The remaining step in deriving the

conversion surplus value for a particular log is the
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estimation of the variable costs of log production and con-
version.

Subroutine COST determines the variable cost asso-
ciated with the bucking decision. DYNPRO subtracts the
variable cost from the gross revenues of either log or end
product to obtain the log conversion surplus value. How-
ever, the items to be included in the variable cost calcu-
lation depend on where bucking is performed in the stream
of manufacturing activities and at what point the log or
end products are sold. To provide flexibility, all cost
items that could be considered as variable costs are in-
cluded in subroutine COST. These items include stumpage,
bucking, limbing, skidding, loading, hauling and unloading,
and milling. The model user is provided a means through
data input for selecting which of this list of cost items
are to be considered as variable costs. To do this, the
user must supply two pieces of information for each of
these items.

1. A binary variable indicating whether the cost
item is a variable (binary variable = 1) or a fixed cost
(binary variable = 0). With this technique, all cost equa-
tions are multiplied by the binary variable entry provided
'by the user. If the cost item is a fixed cost in a parti-
cular situation, the binary variable is zero hence cost
item is zeroed out of the conversion surplus criterion. If

it is a variable cost, the binary variable is one and the
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cost item remains part of the criterion.

2. For each cost item with binary variable equal
to one, the appropriate cost rate. For cost items with the
binary variable equal to zero the cost rate may be entered
or left blank.

This technique was chosen because it allows flexibility in
applying the model to different situations such as bucking
at the stumpsite, at the roadside landing, at a centralized
merchandiser, or at the mill. .The user simply designs the
system through the binary variables and specifications of
the appropriate cost rates.

The totai variable cost is based on the formula

TVC = IB.C,U,
i

L L L

TVC = total variable cost

Bi = binary variable associated with the i-th cost
item (= 0 to exclude, = 1 to include)

Ci = the cost per unit of the i-th cost item

Ui = the number of units produced

Since the bucking model proceeds by analyzing each
individual log possibility at each stage, the unit of valu-
~-ation for log production and conversion costs should be
based on log and individual tree parameters that influence
the cost of producing and processing a given log. AThis is
not always possible because pubiished studies generally do

not provide information at the level of detail that would
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be desired for some of the cost items.

Stumpage. Stumpage may or may not be a variable
cost depending on the method of stumpage payment. If
stumpage is paid on a log scale basis it should be treated
as a variable cost since it is paid only for the volume in
each log that is removed. The model is presently designed
to deal with this situation when stumpage is paid on the
basis of net log volume expressed in cunits (units of 100
cubic feet). If stumpage is paid on a lump sum basis it is
shared by all trees and is incurred regardless of how many
logs or how much log volume is actually removed. In this
case stumpage is a sunk cost and is irrelevant to the
bucking decision. The‘user must decide if stumpage payment
is relevant to the bucking decision. If so, the binary
variable is entered as a one and the stumpage price is en-

tered in dollars per cunit.

Bucking and limbing. In many published studies,

the activities of bucking and limbing are aggregated with
other actions such as time spent locating and walking to
the tree, clearing obstacles from the felling site and
felling. 1In such an aggregation some of these items are
associated with sunk costs and some with variable costs.
As a result studies of this type are not useful in making.
bucking decisions.

Theoretically, bucking and limbing should be
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considered as separate activities. Limbing may not be a
variable cost of log production if it is conducted on the
whole tree prior to bucking. This would occur in logging
systems where mechanical tree length limbing is conducted
or if the entire tree were power saw limbed before the com-
mencement of bucking. In these cases limbing is a sunk
cost borne by the tree and is’incurred regardless of the
number of logs that are produced from it.

In cases where bucking and limbing activities are
conducted simultaneously, these items are incurred only if
the decision is made to produce the log and hence they are
variable costs. In theory, the total time incurred in-
volves three major time elements. First, a time element
associated with walking along the log, measuring, and
clearing obstacles such as brush. This element would de-
pend principally on the log length and is likely to be
fairly constant per lineal foot of log length in a given
stand. Another time element is associated with the branch-
iness of the log and influences limbing time. This element
would depend on the log length and number and size of
branches encountered. This element may perhaps be simpli-
fied to a description of the relative position of the log
-along the stem and the log length. The third time element
is the time spent in making the bucking cut and depends on
the stem diameter at the cut point.

This approach would be ideal in the model because
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it would allow associating higher costs with those logs
that are more difficult to limb and buck. Generally buck-
ing time per cut would be expected to decrease with de-
creasing diameter. Thus the cost of making a cut would
tend to diminish as smaller diameter upper stem logs were
produced. On the other hand, limbing time and cost would
tend to be small near the base of the tree and high toward
the top. The interaction of these cost items would have an
influence in determining the number of cuts to make in a
tree and in locating the marginal log. Although the writer
is aware of proprietary studies that treat bucking and
limbing from this detailed point of view, a review of pub-
lished bucking studies and an extensive survey of delimbing
(Dunfield, 1971) produced no information that could be used
to quantify these bucking and delimbing parameters. Re-
search should be undertaken to quantify these and other
factors that may be important in limbing and bucking and to
determine the influence of differences in the logging envi-
ronment such as species, brushiness, terrain, time of year,
method of payment, and type and condition of equipment
used.

Since no studies of this nature were found, an at-
-tempt was made to adapt existing studies of felling, buck-
ing and limbing which predict the overall time per tree or
per unit of volume. Adams (1967), the Bureau of Land Man-

agement (B.L.M., 1974) and Sessions (1979) work with a
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bucking and limbing time equation where time per tree is
based on the tree dbh and the number of bucking cuts after
felling. Unfortunately, this equation cannot be used or
adapted to the model because its use depends on knowing in
advance the total number of bucking cuts in the tree while
this is what the model is attempting to determine. Further-
more there is no meaningful way to segregate bucking from
limbing such that the model user could have the model con-.
sider limbing as a sunk cost and bucking as a variable
cost. In another study, Forster and Callahan (1968) ex-
pressed limbing time per tree as a function of stump basal
area and merchantable height. However their equation can-
not be used since it was derived for hardwoods and it does
not provide a basis for associating limbing cost with indi-
vidual logs.

Since no satisfactory detailed approach was found,
one alternative is to use average bucking and limbing cost
per cunit of net log scale. Since bucking and limbing are
generally combined on this basis (B.L.M., 1974) and would
be impossible to segregate, it would be possible to set the
binary variable for limbing equal to zero and to interpret
the bucking item to mean the combination of bucking and
limbing. One criticism of this approach is that it does
not allow for distinguishing between large logs near -the
base of trees with low unit costs and small branchy logs

near the top with high unit costs. It also fails to take
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into account the higher cost of bucking more short logs as
opposed to few long logs from a tree.

One method that incorporates sensitivity to the
number of logs is to assume under a given set of stand con-
ditions that a bucker will produce a relatively stable num-
ber of logs per day. Dividing the bucker's daily cost by
an estimate of this piece rate yields a constant cost per
log. In this approach, bucking cost increases in direct
relationship to the number of bucking cuts or logs produced
in a tree. 1In the model it is presently assumed that this
is a valid approach to the combined bucking and limbing
cost. The user must enter a binary variable of one for
either bucking or limbing and associate with it an esti-
mated cost per log. This cost per log could be varied to

reflect general differences between stands or buckers.

Skidding. Although it is known that small logs are
more costly to skid than large logs, most studies have pro-
duced equations that relate skidding time and cost to the
volume per turn, distance, method of logging, te;rain,
stand conditions plus other human and environmental factors.
There is no way to meaningfully convert equations from
- these studies to reflect individual log differences. The
use of an average skidding cost per unit is not sensitive
enough to differences in log size that are important in de-
termining break-even and unprofitable logs.

An alternative method for assigning skidding cost
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is to assume that the number of logs skidded per day is
relatively constant. This assumption would lead to a con-
stant skidding cost per log, regardless of its size. This
assumption is reasonably valid since a skidder or yarder
will often handle nearly the same number of pieces per turn
and produce nearly the same number of turns per day. For
example, grapple yarders normally handle one log per cycle
and choker equipped equipment normally handle one log per
choker. For a given crew organization, method of payment,
and timber conditions the "piece count" is quite stable.
This can be observed in the frequency distributions for
several logging systems presented by Dykstra {(1975). These
distributions indicate that predominantly the same number
of logs per turn were produced by each system. Nott (1976)
in a study of cable yarding machines concluded "varding
production varied primarily as a function of a comparatively
stable parameter--piece count per day. Regardless of piece
size, this variable remained relatively constant." 1In the
model it is assumed that the appropriate skidding cost per
log will be entered when skidding is a variable cost item

in making the bucking decision.

Loading. Studies by Briggs (1973) and Marcellus
(1973) of hydraulic log loader operations in Western Wash-
ington found that longer time is required to load a truck
with smaller size logs. This conclusion was also reached

by Smith and Tse (1977). Marcellus (1973) expressed pure
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loading time for in-woods loading by a contract logger of

standard eight-foot bunk on-highway trucks as

time, minutes = 77.35 - 24.25 In(P) + .55(B)

+ .00012 (s) (P)

where P = average diameter of logs in the load

B number of sorting set asides during loading

S = load scale, Scribner board feet

Other activities while the truck was on the loading stand
such as truck preparation and personal and operational de-
lays averaged 10.6 minutes. The average time the loader
spent waiting for the next truck was 12.7 minutes (Briggs,
1973). Combining the equation estimates of pure loading
time with these estimates reflects the total loader cycle
time per load. This time, expressed in hours and combined
with the typical load volumes represents the loader produc-
tivity in volume per hour. Dividing the loader machine
rate per hour by the estimate of hourly productivity gives
an estimate of loading cost per unit of log volume which is
applied to the net scale of log in the model. The net log
scale used in the Marcellus equation is expressed in cunits
hence the user must convert from Scribner to cunits (Hart-
-man et al., 1974). Unfortunately, this approach does not
adequately reflect the changes in loading cost that should
be associated with changing log size in a tree.

Loading by most log loaders is a single piece han-

dling system. 1In a given type of timber, production is
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largely dependent on loading cycle time which includes the
time to load a truck to capacity with logs of a particular
overall average diameter and the time between trucks. Un-
der these circumstances, number of loads per day, number of
logs loaded per day and loading cost per piece would be
fairly constant. In the model, it is assumed that, if load-
ing is a variable cost item, the user will enter the appro-

priate cost per log.

Hauling and unloading. These two activities were

combined since unloading generally occupies a small frac-
tion of the total truck cycle time and no references were
found that provided details on unloading operations. Gen-
erally, in the Pacific Northwest, the entire load is re-
moved by mill yard machinery in one single operation which
usually requires only a few minutes. In this study, it is
assumed that the user will input the cost per cunit of net
log scale appropriate to the truck size and haul conditions.
Since hauling and unloading involve all logs simultaneously,
differences due to individual log dimensions are relatively

unimportant.

Chipping. In the model, if pulp logs and fuel
bolts are not sold in roundwood form, they are assumed to
be processed through a chipping operation. Fuel chips are
sold on the basis of oven dry weight in tons while it is

assumed that pulp chips enter a kraft process and are
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pulped. The chipping cost per cunit of log scale must be

entered if either of these log types are to be chipped.

Milling. If milling of logs into end products is
considered, the cost of milling must also be entered. In
the model, it is assumed that a veneer mill and sawmill
cost, including all activities from log yard through mar-
keting, is entered. It is assumed that these costs are en-
tered per cunit of net log scale. In processing pulp and
fuel logs it is assumed that chipping cost is entered per
cunit of net log scale. Pulping cost is entered per ton of
pulp produced on an oven dry basis.

Details for entering into the model the binary
codes and cost rate data for each cost item are described
in section "Data Input." The basis for estimating the cost
associated for each production activity could be easily
changed by substituting the appropriate statement in sub-
routine COST and redefining the unit cost basis for cost
data input.

In summary, it will pay to buck and use any section
of the tree for which the gross revenue will at least cover

the variable costs of conversion. Logs having a surplus

"~ above direct or variable costs will help defray fixed costs

and contribute to profit. The most profitable use of a
particular log will be to place it in the end use providing
the highest conversion surplus. Whether or not the conver-

sion surplus indicated enables the firm to cover the fixed
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costs and provide a suitable profit depends on the magni-
tude of the fixed costs and the level of profit desired by

the owners of the firm.



Chapter 5

A HYPOTHETICAL APPLICATION
OF THE MODEL

Log Constraints

s

Previously, it was noted that the model utilizes
two forms of data, a description of the tree and a descrip-
tion of the physical and economic setting in which bucking
occurs. Except for dbh, total height, stump height and a
few other tree descriptors, most of the tree data is in the
form of descriptions of external defects that are read from
a data file and descriptions of scaling defects submitted
on punched cards when these defects are present.

The description of the physical and economic setting
of the problem must be provided by management. This infor-
mation involves a description of each log possibility in-
cluding the log target length, double end trim, range of
acceptable small end diameter, and acceptable amount of
sweep, crook or rot. Management must also provide informa-
tion on end product recovery for logs processed through its
mills, log and end product prices and costs. It will be
-assumed in this example that the end product recovery data
based on the Douglas-fir studies conducted by the U. S.
Forest Service Pacific Northwest Forest and Range Experiment
Station are appropriate to the hypothetical firm. Data

from these studies is programmed into subroutines LUMYLD
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and VENYLD. It will be assumed that management is inter-
ested in producing logs for veneer, lumber, kraft pulp and
fuel markets. Veneer logs have a target length of 8 féet
and a 6 inch trim allowance on each end. The smallest
veneer log diameter acceptable is 18 inches and the largest
diameter, limited by the lathe capacity, is 48 inches. Logs
will not be accepted for veneer production if the diameter
of internal rot>exceeds 14 inches, the maximum rot diameter
that can be held by the lathe chucks, or if they contain a
deviation from sweep or crook exceeding 4 inches.

Sawlogs are acceptable for sawmilling in lengths of
8, 10, 12, 14, and 16 feet. They must have a 3 inch trim
allowance on each end, must be at least 10 inches in diam-
eter and cannot have a total scaling loss due to internal
defects, sweep, and crooks exceeding 70 percent. Pulplogs
are desired in 8 foot lengths, must be at least 6 inches in
diameter and cannot have a scaling loss due to internal
defects exceeding 90 percent. Fuel logs are desired in
4 foot lengths and must be at least 4 inches in diameter.

Considering these specifications, the largest value
for which all final lengths, including trim, are an integer
multiple is 0.5 feet. This value will be entered in the

model as the dynamic programming stage interval, STGL.
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Economic Data

Prices

In this example, assume that the manufacturer wishes
to consider the option of selling logs in roundwood form as
well as processing them through the appropriate manufactur-
ing facility.

Prices for each lumber grade were derived from data
developed by Westercamp (1973) in a log allocation study.
Lumber prices, which he expressed in dollars per cunit of
log input, were converted back to the original prices per
thousand board feet lumber tally. These were obtained from
the July 1973 report of the Western Wood Products Associa-
tion (1973). These prices were arbitrarily adjusted to
reflect length differentials. The prices derived from
Westercamp's data are assumed to represent the prices for
16 foot length lumber. Prices for 14, 12, 10, and 8 foot
lumber were arbitrarily assumed to be 85, 95, 90, and 99
percent, respectively, of the price for 16 foot lumber.
Prices for sawdust and chip residue from lumber manufactur-
ing were $7.25 per oven dry ton and $18.00 per oven dry ton
(Austin, 1973; Westercamp, 1973). For purposes of this
- example, bark residue is assumed to have a price of $1.00
per oven dry ton in 1973.

Prices for each veneer grade were also derived from
data presented by Westercamp (1973) who converted prices

reported by Crows' publications (Crows, 1973) into dollars
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per cunit of log input. His values were converted back to
price per thousand square feet of veneer on a 1/8 inch
thickness basis. Prices for the A and B patch grades of
veneer are assumed to be the same as the prices for grades
A and B. 2All veneer process residues except cores and bark
are assumed to be sold in chip form at a price of $18.00
per oven dry ton (Westercamp, 1973), cores are assumed tc
be sold to a stud mill for $8.00 per cunit, and bark is
assumed to have a price of $1.00 per oven dry ton.
Unbleached kraft pulp is assumed to have a price of
$150.00 per ton (Holt, 1972) and chips from fuel logs are
assumed to have a price of $15.00 per oven dry ton in 1973.
Roundwood log prices for veneer and sawlogs in each
of the log grades in the four grade system used in this
study were estimated from average prices reported by the
W?shington State Cooperative Extension Sexrvice {1973) for
Douglas-fir logs graded under the peeler-sawlog grading
system. The peeler-sawlog grading system prices were con-
verted to prices for the four grade system by means of a
frequency distribution comparison of these log grading sys-
tems (Burck, 1974). These prices were assumed to be the
prices for 16 foot sawlogs and were arbitrarily adjusted to
reflect a differential between veneer and sawlogs and to
reflect differentials between sawlog lengths. Veneer round-
wood log prices were assumed to be 5 percent greater than

the 16 foot sawlog price. Prices for shorter sawlog lengths
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were based on the same arbitrary percentages used in creat-
ing lumber price length differentials. The 1973 prices for
pulp logs is assumed to be $30.00 per cunit and for fuel

logs $20.00 per cunit.

Costs

In the example, stumpage is considered as a fixed
rather than a variable cost. The cost for bucking and limb-
ing is based on an average bucker rate of $150.00 per day,
including overhead and chainsaw (Sauder and Nagy, 1977).
This was converted to $2.06 per log assuming production of
32 cunits per day and 0.44 cunits per log. This cost was
adjusted to a value of $1.34 per log in 1973 dollars by
means of the wholesale price index for all industrial com-
modities. The cost of skidding is based on a highlead
varding rate of $923.52 per day including laborers and
overhead (Sauder and Nagy, 1977). Assuming production of
250 logs per day this translates into $3.69 per log or
$2.40 per log in 1973 dollars. Loading cost is based on a
rate of $72.15 per hour.including operator and overhead
(Sauder and Nagy, 1977). Using average values of 22.5 logs

per load on standard 8 foot bunk highway trucks and 34

.. minutes loader cycle time including loading time, delays

and wait time between trucks (Briggs, 1973; Marcellus,
1973), the cost per log is $1.82 or $1.18 in 1973 dollars.
Estimation of the cost of hauling logs by truck

involves consideration of the truck cycle which includes
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time spent loading, travel full and empty, unloading time,
delays due to loading and unloading gqueues, and personal and
operational delays. The total time at the loader landing
was estimated from an average "pure5 loading time for stand-
ard 8 foot bunk highway trucks of 10.7 minutes plus esti-
mates of average truck preparation and landing delay time of
10.6 minutes (Marcellus, 1973). Travel time can be esti-
mated by multiplying the following average empty and loaded
travel speeds for each road type (Smith and Tse, 1977) by

the mileage of the road type.

Minutes per mile

Road type empty loaded
on sale 2.67 3.77
secondary (incl. dump) 2.27 2.48
main haul 1.37 1.60

Assuming a one way trip consisting of 3 miles of on
sale travel, 10 miles of travel on secondary roads and 30
miles on main haul roads, round trip travel time is 155.9
minutes. Smith and Tse (1977) found that operational de-
lays and delays in queues took another 44.0 minutes. An
unloading time of 18.0 minutes was imputed from Smith and
Tse's data by subtracting all other time elements from their
total time estimates. Combining these estimates, the truck
cycle is 239.2 minutes or about 4 hours. It is assumed that

a log truck will make 3 such trips per day and averages 10
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cunits per load (Marcellus, 1973). Under these conditions
the truck rate including the driver and overhead is $100.90
per trip (Smith and Tse, 1977} which converts to $10.09 per
cunit or $6.51 per cunit in 1973 dollars.

Manufacturing costs for sawmilling, veneer manufac-
turing, chipping and kraft pulping are taken from Wester-
camp's (1974) study. He estimated a 1973 sawmilling cost of
$16.70 per cunit of log input (BLM, 1973), a veneer manu-
facturing cost of $20.00 per cunit of log input (American
Plywood Association, 1972), a kraft pulping cost of $27.00
per ton of pulp produced (Guthrie, 1972) and assumed a log
chipping cost of $8.00 per cunit of log input. Table 16
presents the complete data deck submitted to the model for
tree number 59. The external defect data are read from a

disk file.

Model Verification

Verification, the process of determining if the
model is producing the desired behavior, involved verifying
the model structure and logic and the data base inputs.
Successful verification ultimately depends on the program-
) mer's familiarity with the system being modeled and his
thoroughness in examining the details of the model's behav-
ior and response. 'Verifying the model structure and logic
involved carefully flow charting model steps, checking that

the FORTRAN statements properly translated these steps into
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computer form, and printing out (IOUT = 2 or 3) very de-
tailed stage by stage calculations and checking the results
with a pocket calculator. This procedure, combined with
the error check and tracing features of the MNF compiler
(Schofield, 1977) isolated conceptual logic errors and
programming errors.

The best technique devised for verification involved
starting with a very simple tree description and simple set
of log specifications and systematically increasing the
problem complexity in a way that allowed testing a new sub-
routine after others used by the simpler case were checked.
Comparing detailed printouts by the model with hand solu-
tions was about the only way to discover and identify the
causes of errors and check if subsequent changes were cor-
rectly incorporated. This is a time consuming and costly
process but is the best insurance against mistakes in the
model.

The structure of the model should be considered
verified on the basis of the detailed checks performed.
This judgment is reserved for the trees tested in this
study. In spite of the extensive checking performed it is
possible that a tree may be found in the future with unfore-
seen conditions tﬁat will cause an error. As a larger
number of trees are successfully processed by the model,
confidence that all components and conditions are perform-

ing correctly will be gained. A larger scale study is
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needed to collect information for a wider variety of trees
to further verify the model. It should be pointed out that
the use of the detailed printout options (IOUT = 2 or 3)
should not be routinely requested. These options produced
10000~-15000 lines of output for the larger trees. Normally,
IOUT = 0 or IOUT = 1 should be used.

Data base verification involved checking  the acqui-
sition of external defect descriptions from the digitizer.
This was accomplished by comparing the defect descriptions
produced by program DIG with the original log diagram
sheets, recording any errors and replacing the appropriate
defect card with corrected information.

Validation and Results for the
Hypothetical Example

Validation

Validation consists of comparing the model results
with actual performance of log buckers. This cannot be
accomplished for several reasons. First, there is no back-
ground information on the test trees indicating the instruc-
tions given for bucking them. According to Lane et al.
(1973) the study trees were felled and bucked according to
-.normal practice of each study mill and these practices
were not reco?ded. Another difficulty arises from the fact
that the log diagrams provide no useful basis for recon-
structing crook, sweep, or internal defect in the tree. 1In

many instances, sweep may have been eliminated by bucking
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short straight logs. The only data on these scaling defects
is the quantity of defect remaining in the finished log and
this is insufficient to reconstruct th the tree appeared
before bucking. Even if the bucking instructions and com-
plete defect data were available, validation of the model
would be difficult since the model would undoubtedly yield
a different bucking pattern than that produced by the
original bucker unless the bucker accidentally stumbled upon
the optimal pattern. 1In actual comparisons, the model is
more likely to point out discrepancies in actual performance
than it is to agree. It is for this reason that verifica-
tion of the model is critical.

With the group of test trees there is no way to
reach meaningful conclusions concerning validation except
to encourage well designed field studies comparing the
model with actual practice where reasons for discrepancies
can be uncovered and either attributed to some factor (s)

not yet included in the model or to poor work by buckers.

Results for the Test Trees

Results for the trees are presented in order of
increasing dbh. The smaller trees tend to have simpler
" solutions due in part to the complete lack of feasibility
of some log possibilities and the relatively short portion
of stem length where others were feasible.

The results in the solution summary tables were

prepared from more detailed solution tables printed by the
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model. Table 17 presents the solution table printed for
tree number 59 when analyzed with the data portrayed in
Table 16. Proceeding from left to right, this table por-
trays the log type (1 = veneer log, 2 = sawlog, 3 = pulp
log, 4 = fuel log), the log grade, large end and small end
inside bark diameters of the log, the targét and trim
length of the log, the gross log volume inside bark in cubic
feet and board feet, the gross weight of the wood and bark,
the total percent loss due to internal defect, sweep, and
crook to be applied in deriving net volume, the conversion
surplus of the log and its allocation to the roundwood
market or to the firm's own mill. The optimum mix of logs
portrayed in the list are ordered from the top to the base
of the tree. The solution also prints the total conversion
surplus of this optimal solution and indicates the stage
number corresponding to the location of the small end of the
top log.

Another more detailed table portraying stage-by-
stage optima can also be obtained. This table will be dis-
cussed in a later section on sensitivity analysis.

Results from tables such as Table 17 have been sum-
marized further into a few key parameters: the pattern of
'logs obtained and their grades and use, their total conver-
sion surplus, and their total cubic volume. This allows
compression of results from many tables into smaller tables

facilitating comparisons.
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Tree 73. This tree is 87 years of age, 110 feet
tall and 17.1 inches in dbh. It was cut with a 1.5 foot
stump and the log diagrams indicate a lack of internal de-
fect. It has 140 defects that are relevant to the log grad-
ing rules. Table 18 presents a volume summary plus four
solutions for this tree. According to the model, it con-
tains 54 cubic feet of wood, of which 2 cubic feet is in the
stump. It also is sheathed in 11 cubic feet of bark. The
left portion of Table 18 shows optimal solutions obtained
when the model was instructed to ignore defects. These
solutions rely entirely on the interaction of stem geometry
expressed in the taper curve, the log specifications and the
economic data. This is the type of solution obtainable with
current dynamic programming models. In this solution pro-
cess, the stem is considered to be perfect and, in these
runs of the model, all logs were assumed to have the highest
grade possible. This assumption could be changed with the
possibility of achieving different solution patterns and a
different tree value but this would not change the approach
of comparing a model that assumes some constant level of
guality with a model recognizing quality variation. The right
portion of Table 18 shows two optimal solutions obtained
.when defects were considered during the solution process.

When instructed to examine bucking this tree assum-
ing no defects and assuming the firm only produces and sells

roundwood logs, the optimal solution is to produce two 16.5
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foot sawlogs which have a conversion surplus of $15.57.
However, if these logs are subsequently graded, it is found
that they both really are grade 3 and their true conversion
surplus is $9.89, nearly 36 percent less than originally
estimated. In contrast, when the model was instructed to
consider defects as part of the solution process, it found a
different log pattern involving producing an 8.5 foot grade
1 butt log followed by two grade 3 16.5 foot sawlogs. This
increases the optimal conversion surplus by about 1 percent
to $9.98 and increases overall tree volume utilization from
59 to 68 percent. Consideration of defects allowed the
model to take advantage of a short high grade section near
the base of the tree and improve the solution over the case
when defects were ignored.

The other two solutions compare the results of ex-
cluding or including the defect information when the model
considered a firm that can either sell roundwood logs or
process them through its own mills. Here the patterns with
and without defects are identical although the solution
without defects overestimated the conversion surplus by
$6.18 or 23 percent. Since these solutions are also iden-
tical to the solution obtained when the mocdel considered
logs only for roundwood sale, it is apparent that, undexr
the initial set of economic conditions, it is advantageous
to be a vertically integrated firm that produces and mills

logs rather than a firm that only produces and sells logs.
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Veneer logs, which must be at least 18 inches in
diameter, do not appear in any solutions for this tree since
it is too small to produce them. Pulp and fuel bolts are
feasible but are inferior to sawlogs over the portion of
the tree where sawlogs can be produced and have a negative
conversion surplus toward the top where sawlogs become in-
feasible. This was observed when detailed calculations for
each stage were printed for this tree. These details, ob-
tained by setting IOUT equal to 2 or 3, are not reproduced

here because they are voluminous.

Tree 71. This tree is 88 years old, 131 feet in
height and 24.3 inches dbh and was cut with a 2.1 foot
stump. The log diagrams indicate no presence of internal
rot, but the tree has 269 defects relevant to the grading
rules. This tree is estimated by the model, Table 19, to
contain 129 cubic feet of wood of which 5 cubic feet is in
the stump. It was also estimated that bark volume is 28
cubic feet. All log possibilities are feasible in this
tree, however, the optimal solutions include 6nly sawlogs.

When the model examined this tree assumiﬁg round-
wood sale as the only marketing option and ignored defects,
. it produced four 16.5 foot sawlogs followed by a 12.5 foot
" sawlog. These logs, produced under the assumption that
they all are grade 1, were estimated to have a conversion
surplus of $65.44. However, when these logs were graded,

the conversion surplus dropped to $39.70. Also, the 12.5
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foot sawlog was found to have a negative conversion surplus
when graded. Consequently the value of this solution is
inferior to that obtained when the model considered the de-
fects as it developed the solution. 1In this case the nega-
tive value of the top log was noted and it was not produced.
The optimal conversion surplus is 1 percent greater than
that produced when defects were ignored. This improvement
occurs in spite of a drop in tree volume utilization from
87 to 81 percent.

When milling is considered as an option, two iden-
tical log patterns emerge although the solution based on
ignoring the defects overestimated the actual conversion
surplus by 83 percent. Like tree 73, the analysis indi-
cates that there are advantages associated with an inte-
grated firm: the conversion surplus is much greater and
this allows the 12.5 foot top sawlog to be produced at a
profit. Under these economic conditions, an integrated
firm is able to improve the overall tree utilization.

The analysis of this tree is limited because of the
large number of external defects present. In examining the
original log diagrams for this tree, many large knots were

noted. The detailed stage-by-stage printout for this tree
indicated that no graded log could be rated higher than
grade 4, the lowest grade. This poor gquality undoubtedly
has a strong effect on the results.

Tree 59. Tree 59 is 445 years old, 138 feet in
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height, 38.2 inches dbh and was cut with a 2 foot stump. The
log diagrams indicate no presence of internal defects but
the tree has 123 external defects that are relevant to the
log grading rules. According to the model, this tree is
estimated to contain 337 cubic feet of wood of which 13
cubic feet are in the stump. The bark sheath in this tree
is estimated to contain 70 cubic feet.

When the model was instructed to buck this tree for
roundwood sale and to ignore defects in making bucking de-
cisions, it produced a 9 foot butt log to be sold for veneer
use followed by six 16.5 foot sawlogs. The model, assuming
all logs could be grade 1, estimated the total conversion
surplus as $222.99. However, when the logs were subse-
quently graded and revalued, the true conversion surplus was
found to be $194.25. When the model was instructed to con-
sider defects during the solution process, the optimal con-
version surplus was $198.40. This was achieved by a much
different pattern which took advantage of the defect infor-
mation to improve log grade and value. This pattern change
involves changes in the type and length of logs. It begins
with a 16.5 foot grade 1 sawlog, followed by a grade 2
veneer log, another 16.5 foot grade 1 sawlog, two more grade
2 veneer logs, two 16.5 foot sawlogs of grade 3 and 4 and
finally a grade 4 12.5 foot sawlog. This improved bucking
pattern is achieved while using slightly less tree volume.

When counterpart solutions are derived under
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conditions where milling logs in the firm's own mills is an
alternative to roundwood sale, the patterns are similar with
the exception of a switch of the second and third sawlogs
which take better advantage of log grading opportunities
and increase the overall conversion surplus by $3.40. As
noted in the previous trees, the solutions obtained when
milling is an alternative produce only sawlogs.

In this tree, consideration of defects allowed an
improvement in the optimal conversion surplus of 1-2 per-
cent and this was achieved through a restructuring of log

positions and reallocation of logs to end uses.

-

Tree 60. Tree 60 was 438 years old, 156 feet in
height, 40.5 inches dbh and was cut with a 2 foot stump. It
is the tallest of the test trees and next to the largest in
dbh. According to the log diagrams it had no internal de-
fects but it has 231 external defects relevant to the grad-
ing rules. The model, Table 21, estimated that it contained
428 cubic feet of wood, 14 cubic feet of which are in the
stump. It is also sheathed in 90 cubic feet of bark.

When this tree was bucked by the model for the
roundwood market under the condition where the external de-
- fects were ignored and all logs were assumed to be grade 1
during the solution process, the solution indicated cutting
a veneer log followed by seven 16.5 foot sawlogs. Under
these circumstances the model estimated a conversion surplus

of $289.98. However, when these solution logs were
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subsequently graded and revalued, the conversion surplus
estimate dropped to $250.04. When the external defects were
considered in obtaining the solution, the optimal conversion
surplus was $261.44, roughly 5 percént greater. This was
achieved by a substantially different pattern of logs that
started with a grade 2 veneer log, two grade 1 veneer logs,
a grade 1 16.5 foot sawlog, another grade 1 veneer log and
four 16.5 foot sawlogs, one of grade 2 and the others rated
as grade 4. This 5 percent improvement in conversion sur-
plus was achieved with a slight drop in volume utilization
of the tree from 95 to 94 percent.

When the model also included milling logs as an
alternative only sawlogs were produced but the pattern of
sawlogs was markedly different when defects were ignored or
included during the solution process. When defects were
ignored all but one log was 16.5 feet in length. When
these logs were graded and revalued the conversion surplus
estimate dropped from $489.92 to $416.72 and only one log
remained grade 1. When the external defects were consid-
ered by the model, four grade 1 8.5 foot sawlogs were
produced, followed by a grade 1 16.5 foot sawlog, a grade

2 16.5 foot sawlog, a grade 4 8.5 foot sawlog, a grade 3
12.5 foot sawlog, a grade 4 16.5 foot sawlog and finally a
grade 3 16.5 foot sawlog. The optimal conversion surplus
was $442.59, an improvement of about 7 percent. Comparison

of the log patterns and grades reveals that the use of
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defect information during the solution process substantially
revised the pattern to take better advantage of higher
valued higher grade sections of the stem. This improvement
also was obtained with a slight drop in utilization of the
tree.

In comparing the solutions obtained when defects are
considered by the model, it is curious that the 9 foot
veneer log that would be produced if logs are sold as round-
wood is grade 2 while the 8.5 foot sawlog that would be pro-
duced if the milling alternative is also considered is
grade 1. In checking the defect file obtained from the log
diagrams, these grade assignments by the model are correct.
In the first 8.5 feet above the stump only one relevant
defect is present: a half inch sound knot that is permis-
sible in grade 1. However, lengthening the log to 9 feet
inciudes a second of these.knots. This violates the grade

1 conditions but not grade 2.

Tree 55. Tree 55 was 422 years old, 138 feet tall,
42 inches dbh and was cut with a 2 foot stump. According
to the log diagrams, it has no internal defects but it does
have 152 external defects that are relevant to the log
- grading rules. The model estimated that it contained 407
cubic feet of wood of which 15 cubic feet are in the stump.
It is sheathed in 86 cubic feet of bark.

When bucked for roundwood sale under the condition

where the external defects were ignored and replaced by the
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assumption that all logs were grade 1, the optimal pattern
produced three veneer logs followed by five 16.5 foot saw-
logs. The conversion surplus was originally estimated to
be $276.90 but this was reduced to $225.70 when the solu-
tion logs were graded and revalued. When the external de-
fects were considered in obtaining the optimal solution,
the conversion surplus was about 5 percent greater, $235.94,
and the optimal pattern of logs included more veneer logs
and fewer sawlogs. Utilization of the tree increased
slightly when defects were considered by the model.

When milling was also considered by the model, only
sawlogs were produced but the mix of lengths was changed
when defects were included in the solution process rather
than ignored. Considering defects allowed the model to
recognize and produce a short grade 1 first sawlog that was
not produced when defects were ignored. This restructur-
ing of the solution to take advantage of quality reduced
tree utilization slightly and increased the conversion

surplus slightly.

Summary of analyses with initial economic data. A

few tentative conclusions can-be reached from these compari-
- sons of bucking optimizations that include and ignore ex-
ternal defect information.

1. Consideration of external defects and log grad-
ing rules can.have an important influence on bucking deci-

sions. This influence involves improving the economic value
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of logs produced from a tree, the structure of the bucking
pattern and the allocation of logs to end uses. The nature
of the influence of defect consideration varies from tree
to tree. It will be important to study a large sample of
trees with a wide range of size and quality before firm
statements can be made concerning the importance of using
defect information in solving bucking problems for various
size and quality classes of trees.

2. Ignoring defects in the solution process implies
an assumption of constant quality along the stem. In the
set of analyses produced here, the highest log grade was
always assumed in the absence of defect information. The
assumption of constant guality can lead to an improper
assessment of the conversion surplus of a log and may lead
to the production of uneconomic logs. This happened in
tree 71 when analyzed for roundwood sale. An uneconomic
12.5 foot top sawlog was produced when defects were ignored.
This was the only case where this happened in these test
trees under the utilization and economic conditions imposed.
It could occur more frequently under other circumstances.
The assumption that all logs are grade 1 if no defect data

are used by the model overestimates total conversion surplus
but appears to give reasonable patterns in these trees,
especially in the lower bole. The pattern with and without
defects is often similar and individual log grades and

values were often close or identical. More divergence
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occurred toward the tops of trees where actual quality was
further from the grade 1 assumption. This may only be a
result of the quality patterns in these trees and the util-
ization and economic conditions imposed. Further experimen-
tation with a larger sample of trees is needed to test these
effects and to test the influence of other constant quality
assumptions.

3. It is fallacious to evaluate bucking solutions
on the basis of the percent of the tree utilized. The per-
cent utilization of the tree is often strikingly similar
for a variety of dissimilar bucking patterns. Percent tree
volume utilization sometimes improved and §0@etimes de-
creased when defects were considered as part of the solu-
tion process.

4. Under the specific set of economic conditions
in these analyses, sawlogs are preferred, especially when
the model considered an integrated firm that has the option
of milling logs or selling them in roundwood form. When
the integrated firm option was analyzed, all logs were
milled rather than sold on the roundwood market. This
suggests that an integrated firm under the finished product
price and milling cost structure used in these analyses
'has an economic advantage. The dominance of lumber and
sawlog manufacture in the solutions is not surprising since

the new housing construction market experienced a period of

peak activity from 1971-1973 (Phelps and Hair, 1974) and
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the economic data used in these analyses are based on this
period. Softwood lumber prices were very high in this
period and this may explain the reason why lumber and saw-

logs dominate these solutions.

Within sawlogs, the 16.5 foot length has an economic
advantage and is.generally preferred by the model. This
length has the highest roundwood and lumber price per unit
of volume and since several of the cost items are constant,
per log, this large size has a relatively Targe profit
potential.

Fuel and pulp logs never appeared in any of the
solutions. Based on the economic v;lues used in this series
of runs, trial fuel logs almost always had a negative con-
version surplus except near the stump in the largest trees.
Pulp logs usually had a positive conversion surplus near the
base of these trees, but pulp and fuel logs were superseded
by more valuable veneer and sawlogs. Toward the top when
veneer and sawlogs became infeasible fuel and pulp logs al-

ways had a negative conversion surplus and were not pro-

duced.

Sensitivity Analysis

Variation of Economic Conditions

Since the initial series of runs with the model in-
cluded economic conditions strongly favoring sawlogs, a

second series of runs was performed in which the prices of
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veneer, pulp, and fuel products were increased while the
sawlog and lumber prices were unchanged. In this example,
veneer roundwood prices are assumed to be $95, $88, $75,
and $70 per cunit for log grades 1, 2, 3, and 4 respec-
tively. Veneer grade item prices were increased by $5.00
per thousand sguare feet. Pulp log roundwood price was in-
creased to $60 per cunit and the kraft pulp price to $200
per ton. The price of roundwood for fuel was increased to
$40 per cunit and the price for roundwood chips for fuel
to $30 per oven dry ton.

The results for each tree for this second set of
economic conditions are portrayed in Tables 23-27. No
change occurred in any of the selutions for tree 73 (Tables
18, 23). Veneer logs_ are not feasible in this tree and
pulp and fuel are uneconomical in the portion of the tree
where higher valued sawlogs are not feasible.

In the next larger tree, tree 71, two of the solu-
tions are changed (Tables 19, 24). The solution obtained
when defects are ignored and logs are produced for round-
wood now includes a veneer log and four 16.5 foot sawlogs
rather than four 16.5 foot sawlogs and a 12.5 foot sawlog.
However, when defects are included during the analyses, the
.same solution consisting of four 16.5 foot grade 4 sawlogs
is obtained. When milling is considered as an alternative
along with roundwood sale, all logs are milled and the

solution obtained when defects are ignored is identical to
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that obtained with the initial economic conditions. The
solution obtained when defects are considered is radically
changed and indicates that only pulp logs should be pro-
duced for the pulp mill. It is preferable under the new
economic conditions to produce pulp logs for pulping rather
than low grade sawlogs for the sawmill from this tree.

This change only occurs because the model was allowed to be
sensitive to the impact of external defects on the grade
and value of potential logs.

As illustrated in the earlier analysis, introducing
defect information into‘the solution process can result in
improvements in the solution. Even though the revised eco-
nomic conditions resulted in some solutions for this tree
with higher economic value and altered the log composition,
overall stem utilization hardly changed.

In trees 59, 60, and 55 all solutions change to
some degree and in a similar fashion. (Compare Tables 20-
22 with Tables 25-27). The changes in the solutions when
defects were ignored and roundwood sale was considered in-
volved production of veneer logs rather than sawlogs at the
base of the tree. 1Inclusion of defects during the solution
process also increased the substitution of veneer logs for
sawlogs and reduced conversion surplus slightly. The
changes in conversion surplus were larger when milling was
considered as an option. When defects were ignored solu-

tions indicated one veneer log followed by six or seven
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sawlogs depending on the tree. When defects were consid-
ered during the solution, trees 59 and 60 did not contain
any veneer logs but instead contained sawlogs and pulp
logs. Tree 55, the largest in dbh, was similar except that
one veneer log was produced. These new solutions were pro-
duced with little change in the percent utilization of the
tree.

Changing the value of veneer, pﬁlp and fuel pro-
ducts relative to sawlogs and lumber did have the expected
effect of altering the solutions. The changes were not
enough to allow production of fuel although it was observed
in detailed printouts that fuel had a positive conversion
surplus over a greater length of each tree. However, fuel
was at a competitive disadvantage compared to other pro-
ducts at these points and had a negative conversion surplus
in the upper stem where other products eventually became
infeasible. The economic changes did not alter the advan-
tage of an integrated firm that produces and mills logs.
When this alternative was available, all logs were milled.

This analysis indicates that changes in economic
factors are likely to produce entirely new bucking patterns

and log allocations even though utilization of the tree may
not change. Variations in the prices for one type of pro-
duct to another, variations in prices for roundwood com-
pared to finished products, and variations in variable

costs individually or in combination will produce different
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solutions. These preliminary results suggest that use of
volume or percent utilization as a criterion for evaluating
and comparing log buckers or bucking method is inappropri-
ate and could be misleading; only comparisons based on eco-

nomic criteria will give a meaningful comparison.

Effect of Changing Log Specifications

Another group of factors that may cause the solution
to change are the size and quality constraints provided by
management. Changes in any of these constraints may alter
the region of feasibility of any log possibility in a par-
ticular tree and feasibility from tree to tree. To illus-
trate this effect, the veneer log minimum diameter was
changed from 18 inches to 12 inches and the sawlog minimum
diameter was changed from 10 inches to 6 inches. All other
factors remained the same as the preceding analyses with
the revised economic values. Analysis was performed only
for the situation where both roundwood log sale and milling
options were considered and with consideration of external
defects.

Table 28 presents the results for the test trees
which when compared With the counterpart for each tree in
.. Tables 23-27 show changes in the solution. These changes
occur in the top of each tree and add a sawlog in tree 73
and trade one or more pulp logs for a grade 4 sawlog in
each of the other trees. In these trees, pulp logs suffer

a piece size penalty due to their short length. This is
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overcome by a longer sawlog near the top. The changed
utilization specifications for sawlogs allow this unusual
situation to occur. This indicates the difficulty that log
buckers face in comprehending subtle changes in the factors
affecting their decisions and in correctly integrating the

information revisions into their thinking.

Effect of Variations in Stump Height

The solutions presented in the preceding analyses
are all based on a stump height constraint which was set
equal to the actual stump height cut for each tree (Table
12). The optimal solutions developed by the model are de-
pendent on the height of the stump cut. One question to be
raised is the sensitivity of the solutions to the stump
height. Cutting crews are often asked to cut low stumps
under the premise that this eliminates the waste of valu-
able wood. Low stumps may also be desirable because they
offer less hindrance to logging operations and to future
forest culture. Tables 29-33 portray the optimal solutions
obtained by the model_when given a stump height of zero
feet, the actual stump height, and a four foot stump height.
These solutions were obtained under the revised economic |
..conditions using the defect information during the solution
process and assuming that the firm can either sell round-
wood or mill the logs it produces. The results for the
actual stump height analyses were also given in Tables 23-

27 and are shown here for convenient comparison.
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Table 29

Summary of Solutions for Tree 73 with Revised
Economic Data and Changes in Stump Height

Solutions were obtained under conditions where defects are
considered and for a firm that produces logs either for
roundwood sale or for its mills.

Actual
Stump height, feet 0 1.5 4
Cubic volume of logs 39.0 36.8 34.9
% Utilization of tree
volume ' 72 68 65
Conversion surplus 22.22 2.105 17.29
Log patternl SAW 10. SAW 8.5 1 M SAW 16.5
SAW 1l6. SAW 16.5 3 M SAW 16.5
SAW 16. SAW 16.5 3 M Pulp 8.0

lLogs are listed from stump to top and for each is indicated the
log type, total length, grade, and whether it is sold as roundwood

(R) or used in the firm's mill (M).
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Table 30

Summary of Solutions for Tree 71 with Revised
Economic Data and Changes in Stump Height

Solutions were obtained under conditions where defects are
considered and for a firm that produces logs either for
roundwood sale or for its mills.

Actual
Stump height, feet 0 2.1 . 4
Cubic volume of logs 117.7 113.2 109.5
% Utilization of tree
volume o1 88 85
Conversion surplus 78.72 74.09 69.99
Log patternl Pulp 8.0 - M Pulp 8.0 - M Pulp 8.0 - M
Pulp 8.0 - M Pulp 8.0 - M Pulp 8.0 - M
Pulp 8.0 - M Pulp 8.0 - M Pulp 8.0 - M
Pulp 8.0 - M Pulp 8.0 - M Pulp 8.0 - M
Pulp 8.0 - M Pulp 8.0 - M Pulp 8.0 - M
Pulp 8.0 - M Pulp 8.0 - M Pulp 8.0 - M
Pulp 8.0 - M Pulp 8.0 - M Pulp 8.0 - M
Pulp 8.0 - M Pulp 8.0 - M Pulp 8.0 - M
SAW 16.5 4 M Pulp 8.0 - M Pulp 8.0 - M
Pulp 8.0 - M Pulp 8.0 - M

1

Logs are listed from stump to top and for each is indicated the
log type, total length, grade, and whether it is sold as roundwood
(R) or used in the firm's mill (M).
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Table 31

Summary of Solutions for Tree 59 with Revised
Economic Data and Changes in Stump Height

Solutions were obtained under conditions where defects are
considered and for a firm that produces logs either for
roundwood sale or for its mills.

Actual
Stump height 0 2.0 4
Cubic volume of logs 327.8 316.1 305.3
% Utilization of tree
volume 97 94 91
Conversion surplus 361.33 343.90 324.09
Log patternl SAW 16.5 1 M SAW 16.5 1 M SAW 8.5 1 M
SAW 8.5 2 M SAW 8.5 2 M SAW 8.5 2 M
SAW 16.5 1 M SAW 16.5 1 M SAaW 8.5 1M
SAW 16.5 2 M SAW 16.5 3 M SAW 16.5 1 M
SAW 16.5 3 M SAW 16.5 3 M SAW 8.5 2 M
Pulp 8.0 - M Pulp 8.0 - M SAW 16.5 3 M
Pulp 8.0 - M Pulp 8.0 - M Pulp 8.0 - M
Pulp 8.0 - M Pulp 8.0 - M Pulp 8.0 - M
Pulp 8.0 - M Pulp 8.0 - M Pulp 8.0 - M
Pulp 8.0 - M

1 . . .

Logs are listed from stump to top and for each is indicated the
log type, total length, grade, and whether it is sold as roundwood
(R) or used in the firm's mill (M).
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Summary of Solutions for Tree 60 with Revised
Economic Data and Changes in Stump Height

Solutions were obtained under conditions where defects are
considered and for a firm that produces logs either for
roundwood sale or for its mills.

Actual
Stump height 0] 2.0 4
Cubic volume of logs 421.7 405.5 392.6
% Utilization of tree
volume : 99 95 92
Conversion surplus 474.66 453.01 432.46
Log patternl Veneer 9.0 1 M SAW 8.5 1 M SAW 16.5 2 M
Veneer 9.0 1 M SAW 8.5 1M SAW 8.5 1M
SAW 8.5 1M SAW 8.5 1 M SAW 16.5 1 M
SAW 16.5 1 M SAW 8.5 1 M SAW 8.5 1 M
SAW 8.5 1 M SAW 16.5 1 M SAW 16.5 2 M
saw 12.5 2 M SAW 16.5 2 M Pulp 8.0 - M
SAW 8.5 3 M Pulp 8.0 - M SAW 8.5 3 M
SAW 16.5 3 M SAW 8.5 3 M Pulp 8.0 M
Pulp 8.0 - M Pulp 8.0 - M Pulp 8.0 - M
Pulp 8.0 - M Pulp 8.0 - M Pulp 8.0 - M
Pulp 8.0 - M Pulp 8.0 - M Pulp 8.0 - M
Pulp 8.0 - M Pulp 8.0 - M
Pulp 8.0 - M Pulp 8.0 - M

lLogs are listed from stump to top and for each is indicated the
log type, total length,; grade, and whether it is sold as roundwood
(R) or used in the firm's mill (M).



251

Table 33

Summary of Solutions for Tree 55 with Revised
Economic Data and Changes in Stump Height

Solutions were obtained under conditions where defects are
considered and for a firm that produces logs either for
roundwood sale or for its mills.

Actual
Stump height 0 2.0 4
Cubic volume of logs 401.3 387.3 368.8
% Utilization of tree
volume S99 _ 95 91
Conversion surplus 449.43 427.37 406.85
Log patternl SAW 16.5 1 M | Veneer 9.0 1 M SAW 8.5 1 M
SAW 16.5 2 M SAW 16.5 2 M S2w 16.5 3 M
SAW 16.5 3 M SAW 16.5 3 M SAW 16.5 3 M
SAW 16.5 3 M SAW 16.5 3 M SAW 16.5 3 M
SAW 16.5 3 M SAW 16.5 3 M SAW 16.5 3 M
Pulp 8.0 - M Pulp B.0 - M Pulp 8.0 - M
Pulp 8.0 - M Pulp 8.0 - M Pulp 8.0 - M
Pulp 8.0 - M Pulp 8.0 - M Pulp 8.0 - M
Pulp 8.0 - M Pulp 8.0 - M Pulp 8.0 - M
Pulp 8.0 - M

lLogs are listed from stump to top and for each is indicated the
log type, total length, grade, and whether it is sold as roundwood
(R) or used in the firm's mill (M).
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In all cases, increasing the stump height lowered
the percent utilization of the tree and lowered the conver-
sion surplus. In tree 73 (Table 29) the change from a zero
foot to a 1.5 foot stump is fairly small and does not af-
fect the mix or pattern of logs. The hicher stump simply
means each log is slightly smaller in diameter and this
translates into a corresponding reduction in conversion
surplus. When the stump height is raised to four feet, the
conversion surplus drops more sharply since the grade 1 8.5
foot sawlog is eliminated. 1Instead two 16.5 foot sawlogs
and a pulp log are produced. This tree has a very limited
length over which sawlogs are feasible and raising the
stump height curtailed the production of a high quality
sawlog but left room at the top for a pulp log. The loss
of a quality high value sawlog was not made up for by the
small pulp log.

In tree 71 generally only pulp logs were produced
for the pulp mill except for one grade 4 sawlog when a zero
foot stump height was used. This top sawlog apparently is
a reflection of the piece size effect on small logs. As
the stump height is raised from zero to 2.1 feet, the solu-
. tion changes from nine pulp logs and one sawlog to ten pulp
logs. Raising the stump to four feet retains the same num-
ber of pulp logs but, because of their smaller size and the
loss of volume in the larger stump, conversion surplus con-

tinues to decline.
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Similar reductions in tree utilization and larger
losses in conversion surplus are observable in the trees
59, 60, and 55 (Tables 31-33) which are much larger and
contain high quality wood in the lower bole. The mix of
logs and their allocation is also affected by shifts in the -
stump height.

Considering the number of trees that a crew cuts in
a day, a tendency to cut high stuﬁps could lead to a signi-
ficant economic loss, even in small or low quality trees.

Effect of Changing the Utilizable Height
or Diameter Top Limit in a Tree

One advantage of dynamic programming is that it
solves a whole series of problems along the way to arriving
at the solution of the original problem. In the bucking
problem, the éptimal solution for the tree at each stage
corresponds to the optimal solution for a tree of identical
dbh and total height but with varying merchantable height;
Thus, if one wished to examine the influence of variations
in merchantable height on the optimal solution, solutions
for all merchantable heights less than that originally
given are known. Here merchantable height can be converted
to a stage number by subtracting stump height and dividing
by the stage interval. This stage number correséonds to
the maximum utilizable point in the tree and one merely
examines those stage optima at or below this point to find

the one with the greatest economic value.
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Stage by stage optima for the tree are stored as
part of the solution process and in the model are retained
in array A. This array can be obtained as part of the
printed output. Table 34 presents this table for tree 60
when analyzed with defects for sale of logs on a roundwood
market. In the original analysis, merchantable height was
set equal to total height, so the only limiting physical
factors are the log size and quality constraints. The op-
timum solution occurred at stage 237 (see Table 26). This
corresponds to a height in the tree of 120.5 feet. At any
merchantable height limit between this point and the top,
this is the optimum. However, what would happen if during
felling the tree shattered above 86 feet? This point cor-
responds to stage 168. Looking this stage up in the table,
the optimum value is $248.02. However, scanning optima at
lower stages it is better to go to stage 166 or stage 163.
Bucking according to patterns based on either of these
stages would yield $249.69. Examining the solution at
stage 166 first, the bucking pattern produces a 12.5 foot
grade 3 sawlog, at its base (stage 141) is a grade 3 veneer
log. next (stage 123) a grade 2 veneer log, next (stage
105) a grade 1 veneer log, then (stage 87) a grade 1 16.5
foot sawlog, then (stage 54 and stage 36) two grade 1 ve-
neer logs, and finally (stage 18) a grade 2 veneer log.
Examining the solution at stage 163 produces a different

sequence. The bucking pattern differs from the previous
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solution in that it starts with a grade 4 12.5 foot sawlog,
followed by a grade 2 16.5 foot sawlog at stage 138. The
base of the 16.5 foot sawlogs corresponds to stage 105 and
the solution from there down to the stump is the same as
that outlined for stage 166. In comparing these two solu-
tions, the stage 163 pattern replaces the grade 3 12.5 saw-
log and grade 3 and 2 veneer logs with a grade 4 12.5 foot
sawlog and a grade 2 16.5 foot sawlog. .

Another similar type of analysis from array A can
also be obtained. Rather than examine the effect of vary-
ing the merchantable height (stage number) limit, it is
possible to examine the influence of varying the diameter
limit utilized in the tree. In the original analysis, tree
60 was analyzed with no limiting top diameter limit. How-
ever, it is possible to find out what the best pattern is
that would utilize the tree to, say, a 6 inch top diameter.
This is done by examining the column in array A correspond-
ing to log small end diameter inside bark and finding the
value closest to 6 inches. In this case, this corresponds
to stage 290 (height = 147 feet) where the diameter is 6.11
inches. Proceeding to the next stage would violate the 6

inch limit. At stage 290, the optimum value is $255.25.
”'Forcing the bucker to utilize to this point would result in
losing $14.09 ($269.34 - $255.25) since he could do better
at stage 237. In the upper tree portion he would encounter

small pulp and fuel logs with negative value.
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The type of sensitivity analysis obtained from this
table is dependent on how the tree is analyzed by the model.
If the tree were presented to the model "upside down" so
the analysis proceeded from the top toward the stump, then
the solution at any stage would be the solution between
that stage and the top. In this type of analysis, Table 26
would provide a different sensitivity analysis. It would
show the effect of variations in stump height and could in-
dicate the optimum solution if the butt end of the tree
shattered during felling. The present version of the model
cannot provide this type of analysis. To do so would re-
quire reprogramming certain accounting conventions and re-
defining the way in which the model perceives the tree
which presently is from the stump toward the top.

Effect of Sweep, Crook, and
Internal Defects

Although the data on log diagrams for the test
trees did not reveal the presence of internal defects and
provided no basis for reconstructing sweep or crook, an
example was developed for tree 55 to include these internal
defects along with the external defects. Table 35 portrays
the data deck submitted. The tree was analyzed using the
.original economic data for the case when logs are produced
for roundwood sale and when the firm could either sell
roundwood or mill the logs. It was assumed that this tree

has a butt rot enclosable in a cylinder or ellipsoid in the
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first 30 feet. Although the data portray this defect as a
cone, it could be portrayed as having virtually any shape.
One crook with a 12 inch deviation occurs at 40 feet in the
tree and the tree has sweep. The sweep data include a re-
verse curvature.

The solutions were obtained only for the cases
where external defects were also considered during the
analyses as shown in Table 36. The counterpart solutions
from Table 22 are reproduced here for comparison. The in-
clusion of these scaling defects resulted in new patterns
and a reduced usable volume and conversion surplus. Ini-
tially, the internal rot is too large to allow veneer logs
to be chucked. Also the crook deviation exceeds manufac-
turers' specifications for veneer logs. Consequently ve-
neer logs become infeasible in two regions where they for-
merly were viable alternatives.

On the roundwood log market these defects alter the
solution such that the net usable cubic volume is reduced
from 385.5 to 256.1 cubic feet. Total conversion surplus
declined from 235.94 to 168.95. The butt rot caused the
first two veneer logs to be infeasible and be replaced by
8.5 foot sawlogs that had high scaling losses. The remain-
-der of the log pattern was the same but some of the logs
suffered scaling reductions due to the defects.

When milling is considered as an alternative, all

logs are produced for the sawmill but the bucking pattern
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is changed. With the inclusion of sweep and crook, the
model produces more short length logs, an apparent move to
buck short straight segments and avoid scaling deductions.
The overall volume utilized declined from 383.1 to 264.5
cubic feet and the conversion surplus declined from $417.05
to $299.12.

The inclusion of these defects can greatly compli-
cate the decision problem faced by log buckers. Some kinds
of logs bhecome infeasible over a portion of the stem be-
cause of these defects and care must be taken to buck feas-
ible logs in a way that minimizes the impact of log scaling

deductions on conversion surplus.

Computer Requirements of the Model

The bucking model developed in this study requires
52000 (octal) 60 bit words of central memory on the Uni-
versity of Washington CDC 6400/CYBER 73 computer system.
Table 37 indicates the number of central processor seconds
(decimal) used in this system for analyzing these test
trees. These times are for the analyses with the initial
economic conditions. For these trees, when external de-
fects were considered during the solution and all options
were considered, the time ranged from 17-77 central pro-
cessor seconds. This excludes program compilation time
which takes about 6 seconds. Time per analysis changed

only slightly when the economic conditions were changed but



Number of Central Processor Seconds Required

Table 37

for Solution of the Tree Bucking Problem

Compilation of Program

Solution Time

Tree
Number of relevant defects
Tree height

Time, defects ignored
roundwood
roundwood and milling

Time, defects considered
roundwood
roundwood and milling

5.8 seconds

73
140
110

O

14.8
17.3

71
269
131

59
123
138

60
231
156

267

55
152
138



268
did change for some trees when the utilization standards
were changed. The greatest increase was about 15 seconds
for tree 71 which has the most defects. Changing the saw-
log and veneer log standards increased the feasible length
in the tree for these products and resulted in mofe log
grading in the model. Inclusion of defects in the solution
process can add greatly to the solution time but the extent
of this increase depends on the number of external defects
relevant to the log grading rules, the degree that they are
concentrated or scattered along the stem, and the step used
in establishing alternative sets of log grading faces, pre-
sently ten degrees. Solution time is also affected by the
number of log possibilities and log lengths which determine
the stage interval, the tree and stump height which to-
gether with the stage interval determines the number of
stages, the nature of log diameter and defect restrictions
that can limit the feasibility of various kinds of logs.
The solution time for some trees could be improved
if the highest possible grade that could be assigned to any
log segment in the tree could be estimated and submitted as
part of the tree data. If this were possible the grading
procedure could be revised to ignore testing for grades
.that are not feasible. It is believed that computing time
can also be reduced through efforts to increase the program
efficiency. In this study the main thrust was to develop a

program code that followed scaling and grading rules and
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practices closely. This was done to simplify the task of
verification. t 1s quite likely that efficient short cuts
could be developed that would reduce the solution time. It
is also possible that use of a different system for log
grading such as Rules of the Puget Sound Log Scaling and
Grading Bureau (1978) would influence the solution time. A
different set of rules may alter the number of relevant de-
fects plus the grading logic and associated computer code
would be changed. In the present model, it is obvious that
grading strongly influences solution time. Approximately
half of the code for the model is associated with the grad-

ing rules used in this study.



Chapter 6
DISCUSSION AND CONCLUSIONS

This study has found dynamic programming to be a
powerful and flexible tool in analyzing the bucking prob-
lem. Unlike linear and integer programming, all important
decision factors can be included in the dynamic programming
model thus avoiding the tedious pre-calculation steps re-
guired of these techniques. Similarly the dynamic program-
ming model can easily accept new conditions and log speci-
fications without the substantial reformulation that often
accompanies linear programming.

Earlier attempts at using dynamic programming to
solve the bucking problem did not include important shape
guality features of trees, log grading and scaling prac-
tices, end product yield or a suitable economic framework
and made restrictive assumptions about log bucking proce-
dures. The model in this study removes these restrictions
and easily introduces these important factors.

Study of bucking these five test trees with the
model indicates that the optimal solution is strongly in-

- fluenced by the existence of external defects and the log

grading rules which account for them and by the occurrence
of sweep, crook, and internal defects which are considered
by log scaling practices and which may render a log unsuit-

able for a particular end use. Furthermore, the model
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indicates that the solutions are often very sensitive to
changes in economic and manufacturing conditions. Taken
together, variations in these tree, economic and manufac-
turing factors often result in radical changes in the opti-
mal bucking pattern for an individual tree. The variation
in the pattern of logs comprising the solution not only in-
volves changes in the mix of log sizes, it also involves
changes in both the allocation of logs between the round-
wood market and mill and in the identity of specific manu-
facturing end uses. Even when the total volume utilized or
the economic value of the solution is changed in a minor
way by variations in factors affecting bucking, the struc-
ture of the solution required to achieve nearly the same
economic or physical yield is often markedly different.

The small size of this group of test trees pre-
cludes the possibility of reaching a judgment concerning
general patterns.in the solutions that could be used in de-
veloping heuristic approximations to ‘the model. 1In timber
with relatively uniform quality from tree to tree it may be
possible to define heuristic rules than can be condensed
into reasonable instructions for crews. Such rules could
be defined for a given set of economic and manufacturing
Acircumstances and periodically revised. This approach
could link bucking of logs to forecast economic conditions
and provide a basis for bucking to respond to changes. It

is this writer's belief that this possibility is less
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likely to be achieved where quality variation from tree to
tree is large. In this case solutions may change so dras-
tically from tree to tree that no general pattern can be
found. Only future research will be able to determine the
feasibility of reaching useful general conclusions.

One deficiency in this study is the lack of com-
parison of the model with actual bucking practice. All of
the sensitivity analyses and comparisons are based on com-
paring optimal solutions based on one set of conditions
with optimal sclutions where one or more conditions are
changed. This study did establish the importance of incor-
porating information into bucking models that has not been
included previously. Comparison of the model solutions
with actual practice was beyond the scope and resources of
this study. Due to a lack of information it was impcssible
to meaningfully compare the optimal solutions for the test
trees_with the original way they were bucked. In consider-
ing all of the factors that must be considered in arriving
at a bucking solution it is highly unlikely that actual
practice achieves optimal solutions except by chance. How-
ever, the key, and unanswered, question is "by how much do
they miss?" This can only be answered by comparative field
studies in which trees are observed bucked by cutting crews
and the resulting value, pattern, and allocation compared
with optimal solutions obtained from the model. 1In per-

forming these studies, it will be difficult but very
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important to ensure that the model is reaching its solu-
tions based on the same data base and criteria used by the
cutting crew. It is also important that the comparison in-
clude economic return, the pattern, and the allocation as
the bases of judgments and not the volume utilization.

Many very different solutions will yield nearly the same
volume utilization but the economic value and the pattern

of logs and allocation may be very different.

Possible Applications of the Model

In viewing potential real world applications of the
dynamic programming bucking model, direct application in
the woods where woods labor would somehow be equipped with
a device programmed with the model that could indicate op-
timum bucking is not contemplated. There would not be a
convenient method to rapidly measure and enter the neces-
sary tree data such as diameter, taper, length, and de-
fects. However, there are other ways in which the model
could be indirectly used as an aid in woods bucking. These
are:

1. as an approach for training woods labor;

2. as a quality control tool for evaluating woods
Abucking performance;

3. as a benchmark for evaluating current or pro-
posed empirical bucking rules.

In addition to these uses, the model could be
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easily adapted to the problem of re-bucking long or tree
length logs into final sizes on a mechanical slasher or log
deck. In addition to the indirect uses cited above, the
model would have direct application in this setting. Today
modern mechanized slashers and log decks are increasingly
equipped with electronic scanners, video screens and mini-
computers to perform tasks ranging from sensing and dis-
playing dimensions, performing various calculations and ac-
counting, to actually controlling the bucking operation.

The model would be directly applicable to this situation.

Training Application

In this application, the model would be used in a
fashion similar to the type of training simulator used for
airline pilots or astronauts where the trainee can be
placed in a variety of realistic situations and his skills
and judgments tested against model solutions. It should be
possible to depict an entire stem or long log on a video
screen where the size, shape, surface defect locations and
other pertinent data are displayed to scale. The trainee,
given his knowledge of specifications by management for
various kinds and sizes of logs, log grading rules, product
- recovery, costs and values, could examine the stem, rotate
the view on the screen to observe the stem character and
then designate his bucking cuts and indicate his reasons
for his selection. Comparison with the optimal solution

predicted by the model would highlight differences and
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reasons for poor performance by the trainee. Training ses-
sions such as this, covering a range of situations likely
to occur, could point out a lack of knowledge or under-
standing of the grading rules, products standards, expected
product recoveries, or other factors which play a key role
in bucking decisions. The training simulator would provide
a useful means for rating individuals and upgrading their
abilities.

The training simulator would require a data base of
typical stems or long logs. These would be carefully meas-
ured and all defects would be diagramed. The data would be
entered into a computer data base. The model would require
an appropriate log grading routine so that it can grade any
section being considered as a log. Management would speci-
fy log manufacturing parameters and economic data to be
used. The trainée and model would each present a solution.
Comparative study of the solutions, perhaps by another com-
puter program, would produce a readout of what differences

if any occurred and why.

Quality Control Application

To continue the training and evaluation of bucking
. personnel, the model could be used as a quality control de-
vice. Stems or long logs bucked by an individual could be
sampled and the sample re-bucked by the model. This would
provide a basis for monitoring performance and would indi-

cate personnel with poor performance who need remedial
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action. Comparison of actual results with the model would
provide hints as to where and why differences occur.

This application first requires development of a
sampling plan to sample stems bucked by the individual.
Both the frequency and number of sample units (stems or
long logs) would need to be determined. Since this may be
a costly activity, especially to acquire the field data for
the model, the trade off between misbucking costs and samp-
ling costs should be carefully balanced. Field work would
include measuring the dimensions of the felled tree and
bucked logs plus collecting defect diagrams and perhaps
photographic records. The dimension and defect data would
be entered into a computer data base which would be accessed
by the model and used with current prices, costs, and log
making parameters to develop the optimum bucking. A gqual-
ity control chart, perhaps presenting the ratio of the
buckers' performance to the optimum, could be used to eval-
uate the need for corrective action.

Benchmark for Other Bucking
Approaches

Another indirect application of the model would be
its use as a benchmark for evaluating or developing empiri-
T cal bucking rules. This application would be similar to
the quality control application except that the model would
be used to judge the performance of other bucking proce-

dures rather than the performance of personnel. This could
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be accomplished by comparing the model with field trial re-
sults from the alterﬁative rules, comparing the model with
a computer simulation of bucking based on the alternative
rules, or a combination of both. These comparisons would
require selecting a sample of trees, measuring their dimen-
sions, collecting defect data, and creating a computer data
base. In the case where actual field trials with the em-
pirical rules were being made, the location of the actual
bucking points would also be recorded.

Comparison with the model would provide insight
into which empirical methods work best, the conditions when
their relative effectiveness changes and why these varia-
tions occur. These investigations could improve bucking by
providing managers with guidelines as to when certain rules
should be preferred. These studies could also provide in-
sights that would lead to new improved empirical rules.

In the three applications described, the field work
requires log diagraming. The process of collecting these
diagrams along with stem dimension data and transferring
this information into a computer data base would be costly,
perhaps prohibitively so. Research should be undertaken to
devise techniques of data acquisition that reéduce the work.
.The applications of the model would be considerably en-
hanced if, for instance, a mark sense form could be devel-
oped that, once filled out in the field, could be readily

entered into a computer. An alternative would be to use a
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field device where the data are recorded in the field on a
tape cassette. Imrpovements in this area would greatly en-
hance the use of the model in these indirect applications,
and especially in the quality control situation. Undoubt-
edly, the trade off between economic losses associated with
misbucking and the costs of implementing these corrective
actions will, in the final analysis, determine just how
much use the model will receive in these areas.

Direct Application on Log
Decks and Log Slashers

As suggested earlier, log decks and slashers are
increasingly being equipped with electronic scanners, video
screens, and computers to aid re-bucking of long logs. 1In
some cases, this has progressed to the point where bucking
is fully automated and the bucking station operator actu-
ally performs bucking only when an unusual circumstance oc-
curs. These automated systems use some type of computer
model or a look up table based on a computer model to de-
termine optimal cut locations and to activate the bucking
station equipment. The dynamic programming bucking model
could be readily adapted to this situation. This would
mainly involve revising the input of the descriptors of the
'stem dimensions to be descriptors of long log dimensions as
"observed" by an electronic scanner.

The scanner system can describe the log dimensions

and shape to the computer model. Management would input
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the information on the desired log lengths, diameter ranges,
end uses, product yields, and economic data. This manage-
ment data would be periodically updated to reflect changing
mill and market conditions.

.The applicability of this use may be questioned
since important defect data would not be made available by
the scanner and that even if this were unimportant, the
model may not be compatible with computers typically used
in mills.

Currently available scanners cannot sense most log
defects. However, a number of computer controlled bucking
systems are in use in spite of this limitation. Bucking
operatoré can punch in a visual estimate of the overall
grade of the long log or a log grader in the log yard could
mark the grade on the infeed end of the log. The operator
could enter this grade data into the computer and this
could act as a constraint in the model to preclude consid-
eration of certain products. The operator also has the op-
tion to override the selected bucking points if some im-
portant factor such as rot, split, etc. not properly ac-
counted for in the model is noticed. In present systems,
when the operator overrides, he must estimate all of the

.cuts in the rest of the log since the computer system has
no basis to recompute the solution. The log would be at
the cut-off saw and there would be no time to recompute.

The dynamic programming model has an important advantage
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over other approaches in this case. In the course of solv-
ing for the optimal bucking of the whole long log, it has
also solved and stored the optimal bucking solution for
subsections of it. Therefore, it has the optimal solution
for the remainder of the log available for immediate re-
trieval. It would be a simple matter to note the length of
the operator override and look up the model solution for
the remainder. 1In the future, improved scanning technolo-
gies can be expected that will automatically indicate the
locations of important defects to the computer and enable
the bucking model to more accurately grade each section of
the long log. As these new scanners emerge, a model like
the dynamic programming model developed in this study will
be even more effective.

Another important gquestion is whether the model
would be computationally feasible in the mill environment.
In this study it was found that the solution time for large
old growth trees could take nearly a minute and that a
fairly large array size is needed to store stage by stage
optima. Fortunately, the size of the program requirements
and the computational time would be much smaller when the

model is adapted to bucking long logs. Such logs are typi-
cally less than 40 feet in length and because of the many
log constraints, some short log alternatives may frequently
be infeasible. Consequently, the solution time for long

logs may be much shorter, perhaps only a few seconds.
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Extensions of the Model

There are several éotential extensions of the model
including other aspects of the bucking problem as well as
other areas of forest products manufacture. One simple
variation would involve the use of one or more additional
sets of cost structures to reflect use of tree under multi-
stage logging. Generally, fuel and pulp logs were found to
be at an economic disadvantage in the study. These uses
were almost always inferior to other uses in the lower bole
and, towards the upper bole where other uses became infeas-
ible, they were disadvantaged because they were assumed to
be harvested and transported by the same technology as ve-
neer logs and sawlogs. In this upper stem region, these
uses suffered from the disadvantage of small log size. The
model could be revised to examine the feasibility of multi-
stage logging where logging systems posing different costs
are brought into the forest in stages. In this approach,
each logging system is designed to remove a different size
category. This could be readily incorporated by revising
subroutine COST to reflect the cost structures of the dif-
ferent logging stages. Then depending on the type of trial
-log, or perhaps position in the tree, a different set of
costs could be utilized. The model could be used to indi-
cate the overall optimal solution and identify which logs
would be removed during a particular stage.

The present version of the model has been used to
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examine the solutions based upon the final size specifica-
tions at mills. It could also be used ﬁo indicate the best
pattern of long logs; logs that are produced in woods buck-
ing that consist of combinations of the final log sizes..
The long logs are bucked, harvested and transported to a
site where they are re-bucked into final sizes. Although
long log specifications could be submitted to the present
model, solutions obtained would not ‘be useful except to an
operation that only produced long logs for sale in this
form. For integrated firms that produce long logs and
later re-buck them, the present model is inadequate because
the long log bears.only part of the economic burden while
the short logs bear the remainder. 1In this situation, the
long logs bear some of the costs, typically stumpage, woods
bucking, skidding, loading, and hauling. These costs ac-
crue to the long log but are sunk costs that should no
longer be considered in deciding how to produce short logs
from a particular long log. Short logs bear the costs of
re-bucking and further handling and milling costs. Short
logs also would be the basis for accruing revenues from
processing. This situation, where long logs are produced
) and later processed into short logs, can be viewed as a
pair of linked dynamic programming problems. The first
phase consists of how to cut the trees into long logs but
this is linked to the second phase of how to cut the long

logs into final sizes. By linking these two problems



283
together, the optimal solution for the location of long log
cuts in the tree and short log cuts during re-bucking can
be simultaneously produced. In addition, there may be
economies of scale in logging larger long logs that will
improve overall tree utilization and value. This approach
may improve the prospects for fuel and pulp uses. Referring
to Figure 38 and ignoring the notation that would be needed
to identify specific end uses and log grades define:

D = dbh
H = total height

S = stump height

L; = length specifications for L-th long log
Loin = min (Li) smallest long log length
Lmax = max (Li) largest long log length

k = an interval of stem length that is the common
denominator of the long log lengths, Liv used
as dynamic programming stage interval for long
log part of the :roblem

n=1, 2, . . . INT [(H - S)/k]

= stage number such that n*k + S is the height to
a trial log bucking point in the tree
j = state = number of long log stage intervals to
be combined into one long log where j
is such that j*k, a trial long log
length is in the range

3 % 5 *
Lmin < Jj*k < min(n*k, Lmax)



284

a) Problem of bucking long logs from a tree

<« S = n*k >

<t= BH —>

b) Problem of bucking short logs from a long log

Figure 38. Notation for the long-log short-log
dynamic programming bucking model.
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and j*k € (Li)
d_ = large and small end diameters of a trial long
log of length j*k. There may be constraints on

these diameters.

zz = length specifications for the z-th short log
Qmin = min (22) smallest short log length
Qmax = max (lz) largest short log length

k' = an interval of long log length that is the com-

mon denominator of the short log lengths, Zz,
used as dynamic programming stage interval for
solving the problem of short logs within a
trial long log. Note: k and k' should either
be the same or one should be an integer multiple
of the other.
m=1, 2, . . . INT (j*k/k')
= stage number such that m*k’ is the distance
from large end of a trial long log to the trial
re-bucking point to make a short log
j' = state = number of short log stage intervals to
be combined into one short log within a
long log where j' is such that j'*k', a
trial short log length, is in the range
Lin S j'*k' < min (m*k', zmax)
and J'*k' € (Qi)
a', dé = large and small end diameters of a trial short

log of length j'*k'. There may be constraints
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on these diameters.

Then, the recursion relationship for the problem is shown
in Table 38. In this formulation, the same ideas devel-
oped in this study are used except that within the primary
(long log) bucking phase, another dynamic programming ap-
plication is used to evaluate the profitability of the cur-
rent trial long log. This secondary phase evaluates the
optimal way that the trial long log should eventually be
re~bucked into finished log sizes.

The present model cannot deal with this extension
although many of the subroutines could be used with little
or no change. The principal changes would require that the
main program, BUCK, and subroutine DYNPRO be rewritten to
express the formulation, to orchestrate the proper se-
guences calling upon the other subroutines, and to handle
additional accounting tasks. Research on this type of ex-
tension should be undertaken since it would greatly expand
potential applicability of the dynamic programming opera-
_tion as an operational, planning and training tool in buck-
ing.

The approach using dynamic programming in this
study has a number of potential applications in other areas
of manufacture. Except for the differences in shape, a
board can be considered analogous to a tree and the prob-
lems of edging and ripping a wide waney board into narrower

finished sizes to improve grade and profit is in many ways
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similar to the bucking problem. Trimming of boards to
square ends and to produce short lengths to improve grade
and profit is another similar .example. Even the problem of
sawing a log into lumber may be viewed as an analogous area
for potential application of dynamic programming. In the
process of converting logs into veneer, green and dry clip-
ping are areas that could be approached with this methodol-
ogy. Indeed, in some processes such as lumber manufacture,
the problems of primary breakdown, edging and trimming
could be considered as a problem with phases of linked dy-
namic programming models. Such an approach would allow all
phases of manufacture to be considered simultaneously and
the optimum log breakdown strategy based on the interaction
of the different operations could be devised. Research on
the use of dynamic programming in these areas of manufac-
ture is needed because this technigque will provide a defi-
nite optimum against which current practices and other ap-
proaches can be benchmarked. It may also be discovered
that this approach can be used operationally in view of the
rapid advances being made in the fields of computing and

scanning.



Chapter 7

SUMMARY AND RECOMMENDATIONS

Summary

Reviewing the objectives stated in Chapter 3 the
following conclusions can be stated:

1. A flexible dynamic programming model for buck-
ing trees into short logs has been developed for Douglas-
fir that contains the capability of considering defects,
grading rules, end product recovery and that can consider
bucking logs at any point in the production process for
roundwood sale and/or mill use.

2. It was verified that the model operates as in-
tended for a small group of test trees.

3. Experimentation with the model indicates that
inclusion of defect information and log grading and scaling
practiées alters optimum solutions. Inclusion of these
factors does, however, involvevan increase in solution
time.

4., The model is versatile in examining questions
”_such as how does changing the usable height or stump height
affect the solution; how do changes in log specifications
influence the solution; and what are the impacts of changes
in relative prices and costs associated with producing and

processing different kinds of logs.
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Recommendations

From the experience accumulated during this study
the following recommendations are made:

1. Further testing of the model with a larger
sample of trees in an operational setting is needed for
further validation and to determine th» differential be-
tween current and optimal bucking practices.

2. The FORTRAN IV program code for the model
should be reviewed carefully to seek possible improvements
in computing efficiency.

3. The model should be expanded to include consid-
eration of bucking long log combinations of these shoft
logs corresponding to woods practice in many partsof the
West.

4. Alternative log grading systems such as the
official log scaling and grading rules of the scaling and
grading bureaus (Puget Sound Log Scaling and Grading Bu-
reau, 1978) and product recovery studies should be coded
into a form that is coordinated with the model. This
should be done to generalize the model to accommodate a
wider range of production setups and other species.

5. Research in logging studies should be done to
develop cost data that are more useful in assessing indivi-
dual log economics according to log size and location in
the tree.

6. Research should be undertaken to adapt the
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model to the problem of bucking long logs on mill decks in
conjunction with scanning technoloéy capable of sensing de-
fect information.

7. Research should be undertaken to use the tech-
nique of dynamic programming in areas such as optimal con-
version of logs into lumber, including edging and ripping,
trimming operations and optimal clipping of veneer.

8. Research should be undertaken to integrate the
optimal single tree bucking problem into the broader prob-
lem of considering timber supplies and end products de-

mands.
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Appendix A
INTRODUCTION TO DYNAMIC PROGRAMMING

The concepts of dynamic programming are best intro-
duced by referring to a simple example. Adapting an intro-
ductory example from Dreyfus and Law (1977), suppose it is
desired to find the way from point A to point B in the net-
work portrayed in Figure 39 assuming that each link is one
way and that the numbers along each link represent the
effort, e, envolved in taking that link. Also assume that
it is desired to find the path from A to B that requires
the least effort. This simple problem could be solved by
complete enumeration of all possibilities but this approach
would gquickly become unmanageable in all but the simplest
problems. Alternatively, it is possible to reason that,
although it cannct be decided whether to go diagonally up
or down from point A, the best choicé at A could be made if
two additional values were known. These values are the

total effort, S of the best path from point C to B and

CB'

the total effort, S of the best path from D to B. The

DB’
choice at a would be based on the simple calculation
e + S 5+ 8
Spp = min eAC + SCB =minj, . SCB (1)
AD DB DB

This calculation depends on knowing Scr and SDB which can be
readily obtained by reapplying this idea at points C and D,

etc.
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5 1 /2 3
4 3 1 4
2 2

Figure 39. A simple network problem.
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This simple problem illustrates the first key idea
of dynamic programming. This idea is that only efforts
along the best paths from C to B and from D to B are rele-
vant in the calculations and the efforts the many inferior
paths from C to B and D to B need never be computed. This
observation is known as the principle of optimality:

An optimal policy has the property that whatever

the initial decision at A, the remaining path to B,

starting from the next point after A, must be the

best path from that point to B.
It is this principle that is cited as justification in
writing formulas such as formula 1.

The second key idea of dynamic programming is the

fact that although the numbers S and SD are unknown ini-

CB B

tially, SCB can be determined if SEB and SFB were known and
SDB can be determined if SFB and SGB were known. However,
these depend on SHB and SIB' Calculations similar to for-

mula 1 could be used to determine all of the S's if SHB and
SIB are known which are trivial. Thus, working the compu-
tations backward from H and I to A allows calculation of
all the desired values and identifies the optimal path.

The identity of the optimal path is determined by noting
.‘which of the two possible first decisions, travel up or

down from the current node, yielded that minimum in the

previous calculations at each point on the network. If x
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represents any particular node in the network then let

P(x,x+1)
ing up or down from node x to node x+1l. These P values can

represent whether the solution represents travel-

be defined as the S values are computed. Table 39 illus-
trates the calculations for this simple example.

The ideas illustrated by this example are the es-
sence of dynamic programming. In the example, a complex
problem was decomposed into a series of easily solved sub-
problems. In addition to obtaining the optimal path from
A to B, the optimal path from any other point to B has also
been found. The dynamic programming approach provides com~
putational advantages over complete enumeration by requir-
ing fewer additions and compariscons. There are many spec-
ial tricks th?t have been devised to handle difficulties
in solving certain dynamic programming problems but the
basic concepts are unchanged.

There are several terms that are used in dynamic

programming that can now be defined.

1. Optimal value function is the rule that assigns
values to the various subproblems. The function S is the
optimal value function in the network example.

2. Recurrence relation is a formula or set of for-

mulas relating various values of S. The principle of op-
timality provides this relation.
3. The argument of the optimal value function is

the subécript of S which refers to a particular subproblem.
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Thus SCB means that the value of the best path from C to B
is sought. The arguments of the optimal value function de-
scribe the current situation. The terms stage and state
are often used in describing the argument of the optimal
value function. Generally one component of the argument
describes how many decisions have been made so far (or are
left to be made) and it numerically is one more (or one
less) on the right hand side of the recurrence relation
than on the left, regardless of the particular decision.

This monotonic component of the argument is called the

stage variable. All of the remaining variables needed to

describe the current situation, given the stage variable,

are called state variables. In some applications of dy-

namic programming the description of the state variables
may become complex and lengthy. This is termed the curse

of dimensionality and may be sufficiently severe to over-

whelm the memory storage capacity of the largest computer.

4. The optimal policy function is the rule that

associates the best furst decision with each subproblem.
This is the function P in the network example.

5. Boundary conditions are the value of the opti-

mal value function for certain arguments. These are either
”‘assumed or given by the statement of the problem and from
the definition of the optimal value function. In the ex-
ample, the boundary condition is S = 0.

BB

Using these terms, problems are solved with dynamic



307
programming by choosing the arguments of the optimal value
function, and defining the optimal value function in such a
way as to allow the use of the principle of optimality in
writing the recurrence relation. Then, starting with the
boundary conditions, the recurrence relation is used to
concurrently determine the optimal value and policy func-
tions. When the optimal value and decision is known for
the value of the argument that represents the whole prob-
lem, the solution is completed and the best path can be
identified using the optimal policy function alone.

It is important to note that dynamic programming is
a viewpoint toward solving problems rather than a solution
technique. Consequently there is no standard algorithm or
computer program available to solve all problems formulated
with the dynamic programming approach. Although computer
programs have beer devised for certain types of problems,
the exact solution procedure developed for a specific prob-
lem area must generally be developed by the analyst.

This problem which was solved by calculations pro-
ceeding backward could also have been solved in a different
way by proceeding forward. Note in Figure 39 that it would
be possible to determine the best path from A to B if the
'best paths from A to H and A to I were known. These two
values would be known if the efforts of the best paths from
A to E, A to F and A to G were known, etc. In this case,

the optimal value function reflects the value of the
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minimum effort path connécting the initial point A with a
particular subsequent point. This definition contrasts
with the optimal value function in the backward formulation
which reflects the value of the minimum effort path con-
necting a particular point with the end point, B. 1In the
forward problem, the boundary condition is SAA = 0. Also,
in addition to finding the optimal path from A to B, the
optimal path from A to any subsequent point is also identi-
fied. The principle of optimality in this forward solution
states that the best path from A to any particular vertex
B, has the property that, whatever the vertex before B,
call it C, the path must be the best path from A to C.
Table 40 illustrates the solution using the forward method.

In summary, dynamic programming problems have the
following characteristics (Hillier and Liebermann, 1967):

1. The problem can be divided into stages with a
policy decision required at each stage.

2. Each stage has a number of states associated
with it.

3. The effect of the decision at each stage is to
transform the present state into a state associated with
) the next stage.

4. The principle of optimality must hold at each
stage.

An optimal policy has the property that whatever

the initial state and initial decisions are, the
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remaining decisions must constitute an optimal poli-
cy with regard to the state resulting from the
first decision (Bellman, 1957). ' -

The principle has also been stated as:

Given the current state, an optimal policy for the

remaining stages is independent of the policy

adopted in previous stages (Hillier and Liebermann,

1967}).
or:

. . . 1f you don't do the best you can with what

you happen to have got, you'll never do the best

you might have done with what you should have had

(Aris, 1964).

5. A recursive relationship can be developed that
identifies the optimal policy for each state with n stages |
remaining, given the optimal policy for each state with
(n-1) stages remaining. This recursive relationship is of

the general form

fn(S)

optimum x {(V (x ) + £ _;(s = x )}

where

fn(s) the optimum value when starting in state s
with n stages remaining and the optimiza-
tion is over the possible values of the de-

cision variable X

a value function

Vg (xy)
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6. Using the recursive relationship, the solution
procedure moves stage by stage. At each stage, an optimum
solution from all previous stages, under any conditions, is
found and carried into the next stage, until at the last
stage, the optimum is found for the whole problem. It is
important to note that, at each stage, it is only the opti-
mum solution that is carried to the next stage thereby sig-
nificantly reducing the number of combinations that must be

examined.



Appendix B

LISTING OF PROGRAM BUCK AND DEFINITION
OF VARIABLE NAMES
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Appendix C
DESCRIPTION OF PROGRAM DIG

This program converts data entered onto magnetic
tape from the ALTEK digitizer into information that is
easier to use in subsequent processing and converts the
digitized coordinates into coordinates reflecting the posi-
tion of defects in the tree. Figure 40 presents a flow di-
agram of this program.

After dimensioning and initializing certain arrays,
subroutine DGINIT is called. This is a subroutine supplied
by the University of Washington Academic Computer Center
and must be called before any data can be read from the
digitized tape. The subroutine arguments specify the name
of the digitized file and indicate the control character,
here a comma, used to separate fields in the text informa-
tion that accompanies the coordinates.

Next, another supplied subroutine, DGREC, is called.
This subroutine actually reads the coordinates and text
from the digitized file. It scans the variable format file

and returns the information to the program in an easier to.

-.use fixed format. The text information is stored in vari-

ables X and Y, and the lengths of the fields in ALPHA are
stored in array NCOL. In addition to these tasks, DGREC

also scans one record ahead to determine if the digitizer



P

[Tnitialize NCOL

lcall DGINIT to initi%}ize file read

call DGREC to read text and coordinates

from a record

|was end of file read
T

No

¥

J——Yes—+<:::)

call FNDOT to insert decimal points in
portions of text to be converted to numeric

data
y

lperform check for erﬁors

No
y

1—'Ye5'-’{lII’

use KNVRT to convert text items to floating

B}
J

point data
y

Iis the record a defect, D

I
No
4

F—Yes —'<:::>

store the first record type flag, Tor L, and
first corner of log diagram

call DGREC, FNDOT, AND KNVRT to read and

convert second record of tree or log descriptior

call DGREC, FNDOT, AND KNVRT to read and

convert third record of tree or log description

set up for and call XFM2DI to prepare
coordinate transform matrix, XFMAT

[is the information for a tree record

Yes

1
No
 J

—-—4punch‘a log record

'—[punch a_tree record

Figure 40. Flow diagram of program DIG.
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Figure 40. Continued

call XFM2D and transform defect data to

coordinates on tree
[

punch defect record

Wpunch a'"c"

Stop

@;“

End
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operator typed ERR as the text thereby indicating that an
error had just been made in digitizing. If this flag is
found, DGREC discards the current record and the ERR text.
Thus the user's program need never be concerned with erro-

neous data that is flagged by this means. The arguments of

DGREC are
X, Y the floating point coordinates of the digitized
point
ALPHA the array in which the text information is re-
turned in fixed format
NFIELD = 10, the maximum number of fields into which
the text can be broken by control characters
NCOL the array containing the lengths (number of
characters) of the ficlds in ALPHA
IR a flag returned as zero if a record was read

and as -1 if the end of file was encountered.
Assuming that the first record for a tree was.read,
the information would consist of the first of the three
lines describing the tree and butt log. Except for the
first item, all entries in the text accompanying the coord-
inates are to be used as numeric data but are returned to
DGREC as string data. Consequently, a conversion step is
‘needed for these items. A system function, KNVRT, performs
this task but it expects a decimal point to be present in

each of the string values to be converted. Since the
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digitizer operator frequently did not type decimals after
whole numbers, the subroutine FNDOT was developed to place
decimal points where needed. FNDOT scans each of the
string text items to be converted in a character by chqrac—
ter fashion and determines if a decimal is present. If so,
the text information is stored in array ALOUT; otherwise,
FNDOT scans until the first blank in the text is encountered
and replaces the blank with a decimal. The system function
ISCAN was used to facilitate this action. After this oper-
ation, certain error flag conditions are checked and then
the text information in array ALOUT is converted to float-
ing point data by KNVRT and the result stored in array
STR1. The function KNVRT also yields the count, NUM, of
the items converted.

Assuming these tasks were performed for the first
tree record, it is known that two more r=cords fcollow that
contain additional text information and the coordinates of
two more corners of the log diagram. The tree record iden-
tifier, the first item in the text information, is stored
in variable ASV and the X and Y coordinates of the log di-
agram corners are stored in XFROM(1l) and YFROM91). Next,
the first of the two remaining tree and butt log records
”.is read by DGREC and submitted to FNDOT and KNVRT. The nu-
meric text information from this record is stored in STR2
and the number of these items is stored in NUMl. The sec-

ond log diagram corner coordinates are stored in XFROM(2)
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and YFROM(2). A similar series of steps stores the text
information from the last tree and butt log record in array
STR3, the number of items in NUM2, and the third log dia-
gram corner X and Y coordinate values in SFROM(3) and
YFROM(3) .

The next operation involves calling a supplied sub-
routine XFM2DI which takes the three digitized log diagram
corner coordinates and returns a matrix, XFMAT, represent-
ing the transformation to the final coordinate system.

This matrix provides the basis for converting digitizer co-
ordinafes cf the defects to coordinates reflecting defect
positions along the circumference (0-360) and length (0'-
total height) of the tree. Arguments for this subroutine
are
XFROM, YFROM arrays containing the X and Y digitizer
coordinates of the three log diagram
corners
XTO an array containing height coordinates in the tree
corresponding to the values in XFROM
XTO (1) = XTO(2) = height to the base of the log
XTO(3) = height to the top of the log
YTO an array containing circumference coordinates in
the tree corresponding to the values in YFROM

YTO (1)

0
YTO(2) = YTO{3) = 360

XFMAT matrix représenting the transform
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IERR normally returned as zero unless the points de-
rived from XFROM and YFROM are collinear so no
transform can be computed. In this case IERR is
positive.

At this point the tree information is puncined and
control returns to the first call of DGREC to read the next
record. FNDOT and KNVRT convert the text descriptors and a
test is made to determine if the first text item is the
letter D signifying that the record reflects a defect entry.
If so, control transfers to another supplied subroutine,
XFM2D, which uses the transform matrix XFMAT to convert the
digitized defect coordinates to coordinates in the scale of
the tree. After this operation the defect information is
punched. This procedure is repeated until a record is en-
countered with an L as the first text item signalling that
the first of the three records of the next log diagram is
encountered. The same procedure used with the initial tree
and butt log records is followed to update the transforma-
tion martix XFMAT thereby properly locating the log and its
defects within the tree. This procedure continues for all

trees, logs, and defects in the file until an end of file

. conditicn is encountered.
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Appendix D
DESCRIPTION OF PROGRAM DFLE

Program DFLE takes the data punched onto cards by
program DIG and creates a disk file containing a simplified,
condensed description of only those defects that are rele-
vant to the log grading rules used in this study. This disk
file is the basis for the log grading performed by subrou-
tine GRADE in the model. Table 41 indicates the defects
that are not relevant to the log grading rules used in this
study and Figures 41 and 42 presenta flow diagram of DFLE.
Following Figure 42 is a listing of this program. The final
description of each relevant defect is outlined in Table 7

of Chapter 41

Table 41

Defects that are not Relevant to the
Log Grading Rules

Bark distortion Mechanical damage
Butt swell Sap rot

Crook Sweep

Flange Undercut

Flute Weather checks

Sound scars and seams smaller than 6" x 6" that
occur above 8 feet in the tree

Sound burls that are smaller than 6" in diameter

Bumps and bulges smaller than 6" x 6" that
cccur within 8 feet of the ground and all
that occur above 8 feet in the tree

Knot indicators (overgrowths) less than or
equal to one inch diameter



lﬁRead number of trees AJ

each
tree

e

[initialize defect counter, ICOUNT

lread tree and butt log cards

¥
—*{ read a defect or upper log card
¥

1__Yes__

[did read encounter END card
I

No
Y

ldid read encounter defect, D, card

F—-Yes

T
No

¥

lcalculate height to top of log, HTM

¥

lconvert defect code to integer tvpe

screen out defects that are not relevant
to the PNW log grading rules and simplify
description if the defect is relevant
(See Figure 42)

¥

[_write tree and relevant defect information

|

Next

tree

End

Figure 41. Flow diagram of program DFLE.
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Figure 41 Yes-

rot, sweep, undercut, or weather check.

is the defect a bark distortion, butt swell,
crook, flange, flute, mechanical damage, sap

—

b
L

scar or knot indicator cluster

is the defect an open or closed bird peck,
unsound burl, canker, knot cluster, rotten

——Yes—»<:z:>

N

[is the defect a bump or bulge
T
No

}—Y%—+<:>

lis the defect a sound burl

Nb

F—Ym—+<:>

is the defect a conk, sound live or dead
knot, rotten knot, sucker limb, or
epicormic branch

— Yes-—>(:::>

R
No
4

[is the defect an overgrown knot indicator

No

L—Y%—+<:>

Lthe defect is a sound scar or seam

read second data card for sound scar or

seam
¥

is angle of inclination zero

}——Yes

No
¥

compute defect length'from Pvthagoresn
theorem

compute defect length from height to top
and base of defect

is the defect within first 8 feet of the
tree

Figure 41 @\'ES-

¥ No

— YeS'—’<:E:>

is the defect width and length less than

O

read second data card'for the sound burl

and compute average diameter

}

Figure 41 es

is the average diameter less than 6"

j—mo—*<:>

386

Figure 42. Flow diagram of DFLE portion for screening out

irrelevant external tree defects and simplifying the de-

scription of relevant defects.



Figure 42 Continued

read second data card for the bump or

bulge

¥
Figure 41 Yes-{iﬁ it above 8 feet height in the tree 44]
T
No
¥
Figure 41 N°-{i§4it's length and width more than 6"

Figure 41 @Yes

O,

- Y
is the overgrown knot indicator less than
1" in diameter

387

Iread second data card for the defect

compute height to the base and top of the

defect
)

compute tree diameter at base and top of

defect using taper curve

[]

convert the diameter or width of the
defect to degrees

g

4

the defect spans the 0° line

compute the circumference in degrees to each
corner of the trapezoid enclosing the defect
being careful of the special situvation when

compute height to the base and top of the

defect

increment counter of number of relevant
efects

H

v
Figure 41 (:::)‘—————{store relevant defect in arrav DEFECT
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