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Abstract. The study highlights a method for predicting the volume of qualitative categories of trunk
wood for timber trunks of Scots pine, using a model of distribution of various qualitative zones along the
trunk. The study is based on empirical material collected in the main-use cutting area, where the length
of various qualitative wood zones from the butt to the top was determined for 245 model trees. The paper
uses a semi-Markov probabilistic model to generalise the order of appearance and length of zones of
timber wood, firewood, and waste, which was determined by three parameters: 1) input probabilities of
the appearance of the corresponding qualitative zone in the butt part of the trunk (initial state); 2) matrix
of distribution of zone lengths; 3) matrix of probabilities of changes in qualitative zones at different
heights of the trunk. According to research data, it is generally accepted that pine trunks begin with
timber wood. The beta distribution function is used to model the length of qualitative trunk zones, the
parameters of which are selected depending on the relative height of the beginning of the corresponding
trunk zone. The probabilities of changes in qualitative zones are calculated based on empirical data. The
study identified that the distribution of timber and firewood lengths depends on the absolute height of
the trunk location and the height of the trunk. For a mathematical generalisation of this process, the
paper defines four zones within which the distribution of the length of the timber part of the trunk can be
described by a single function. The probabilities of changes in qualitative zones are modelled depending
on the relative height of trunks. On this basis, the method of simulation modelling of initial data sets
has been developed, which can be used to develop tables of dimensional and qualitative wood structure
for trunks of different diameters, heights, and categories of technical suitability. The study applies only
to timber pine trunks, so other patterns are probable for trunks of other tree species, semi-timber, and
firewood trunks. The developed methodology is appropriate to use when updating the tables of trunk
volume distribution by variable-quality categories, which now need to be updated by introducing new
requirements for the classification of timber wood in Ukraine
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Introduction

The transition of the Ukrainian forest industry
to European standards for the classification of
round timber by size and quality has led to the
need to update the regulatory framework used in
production when accounting for the trunk stock
of wood. During 2019-2020, the first stage of
development of standards was conducted, which
provided for modelling the yield of round timber
by thickness classes for ten main tree species:
pine, spruce, fir, oak, beech, ash, hornbeam, birch,
alder, aspen (Bilous et al., 2020). Notably, the
proposed standards allow performing a preliminary
assessment of the maximum possible yield of
timber wood and its dimensional structure. This
is due to the use of research material available at
the Department of Forest Mensuration and Forest
Management of the National University of Life
and Environmental Sciences of Ukraine (about 20
thousand model trees), which was collected over
the past two decades according to already abolished
interstate standards. Therefore, to improve these
standards, it is necessary to attract new empirical
data. Evidently, getting a sufficient number of
model trees will require substantial financial costs,
and most importantly - time.

Most of the standards in Ukraine are
developed by equalising empirical data using
regression analysis methods. It is necessary to
have a substantial amount of research material —
from 400 to 600 model trees for each tree species
to obtain such models with a sufficient level of
adequacy and accuracy (Nikitin & Shvidenko,
1972). Because of this, there is a need for a deeper
study of the relationship of random variables
that affect the formation of the dimensional-
qualitative structure of the volume of a tree
trunk. In particular, the application of random
process theory and simulation modelling allows
obtaining a sufficient number of implementations
of the simulated process to ensure the established
accuracy and level of confidence probability.

In Ukraine, to display the dimensional
and qualitative structure of trunks, the random
process was first used in 1983 when performing
a study on optimising the structure of logging
in the conditions of the Ukrainian Carpathians
(Developing Scientific Background, 1983). The
idea of application belongs to Ya.A. Yudytsky,

who published a methodological basis for the
possibility of applying random functions in
solving sorting problems in 1985 (Yudytsky, 1985).
This method was further developed in the papers
of A.V. Poliakov, in particular, in the scientific
finding “Adaptive industrial sorting of the cutting
fund” (Poliakov & Poliakov, 1999, 2008, 2009).
This was used to compile some standards (Kashpor
& Strochynskyi, 2013) and update them in 2020
according to new European standards (Bilous et
al., 2020). These studies are based on a stochastic
model of the distribution of qualitative zones
along the trunk, developed based on the theory
of Markov processes for the assumption that the
length of zones (i.e., the time when the system is
in a certain state) is distributed according to the
expotential law (Koroliuk & Turbin, 1976). As a
result, it is established that the quality class of the
next trunk zone, as an analogue of the next state
of the Markov system, depends only on the quality
class of the current zone (the current state of the
system) and does not depend on its earlier states.

Modelling the probabilistic distribution of
the appearance of the corresponding qualitative
zone along the trunk is a difficult task even from
the standpoint of the possibility of using statistical
methods. The distribution of response values, i.e.
the volume of wood of the corresponding quality
class in the trunk stock, is usually far from normal.
Because of this, based on trunk matching models
(Adamec et al., 2019) and timber wood volume
models (Fonweban et al., 2012) it is possible to
successfully predict its volume in a separate
trunk, but this approach does not work at the level
of forest stands.

The problem posed requires a more complex
methodological solution that would allow
considering the probability of the appearance
of a particular quality zone on the trunk, and
then - the distribution of volume by quality
classes. According to this, Fortin et al. (2009),
considering each qualitative zone of the trunk as
a binary characteristic (the presence of which on
the trunk can be characterised by a value of 1, and
the absence - 0), at the first stage, linear logistic
regression was used to model the probability
of occurrence of these zones depending on the
biometric indicators of the tree trunk. Only
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then a model of wood volume distribution of the
corresponding quality class for birch and maple
tree trunks in the province of Quebec in Canada
were considered. Notably, the models were
developed separately for four quality categories
(categories of technical suitability) of trunks.

A similar approach, based on binary logistic
regression to predict the probability of the
appearance of qualitative zones on the trunk, was
later used by specialists of the US Forest Service
(Banzhaf et al., 2016). According to the researchers,
a sufficient level of accuracy of such models should
be expected only for general indicators aggregated
at the level of stands. In some cases, modelling of
the qualitative structure of the trunk volume was
considered from the standpoint of the theory of
statistical classification of trunk zones by quality.
For example, Schneider et al. (2008) combined
polynomial logistic regression to predict the
number of finite wood quality classes and binomial
logistic models to determine the probability of
occurrence of each of them for trunks.

In general, the scientific literature in the
context of the presented study is quite limited.
Despite the availability of separate publications
on predicting the qualitative characteristics
of stem wood, the possibility of simultaneous
modelling of dimensional and qualitative
indicators was almost not considered. Based on
this, it is necessary to recognise the importance of
scientific ideas proposed earlier by Ya.A. Yudytsky

and O.V. Poliakov (Poliakov & Poliakov, 1999,
2008, 2008; Yudytsky, 1985).

The purpose of the study is to substantiate
based on research material a model of the
random process of the length of trunk zones
by quality, namely timber wood, firewood, and
waste. Determine the possibility of the practical
application of the obtained process model in the
development of standards.

Materials and Methods

Research material.
The study used research material collected in
the SE “Horodnyansky lishosp” of the Chernihiv
region. On the laid test area, 245 timber mod-
el scots pine trees were cut down, for which the
height of the stump was determined, the qual-
ity zones were evaluated on the trunks, and
their length was measured. A total of 821 tim-
ber zones and 307 firewood zones were allo-
cated for model trees. The minimum length of
timber was assumed to be 1.0 m, while for fire-
wood segments — 0.5 m. After that, the employ-
ees of the company bucked the trunks for timber
according to the current specifications and accept-
ed the harvested forest products. A total of 266.7 m3
logging products is taken from the coup, includ-
ing 248.5 m3 timber wood and 18.2 m® firewood.
The general characteristics of the research
materialarepresentedinTable 1,wheretheheightof
the treesis givenincluding the height of the stump.

Table 1. Statistical characteristics of model trees

i . Length of timber wood
. . Diameter at a height .
Statistics Height, m
of 1.3 m, cm i
m share of height, %
Average
36.1 27.1 19.5 71.6
value
Minimum 20 18.7 7.1 27.7
value
Maximum 53 37.4 27.1 88.6
value
Standard
deviation, (c) 7.0 124 1.0
Coefficient of
variation (v), % 194 63.6 14
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When analysing statistics, it is necessary to
pay attention to a fairly wide range of variabil-
ity in mensuration indicators of empirical data.
This is indicated by the coefficients of variation
of the diameter (19.4%) and the length of timber
wood in absolute terms (63.6%). Instead, the rela-
tive values of the length of a timber tree are quite
tightly grouped around the average (71.6%), with
a standard deviation of only 1%.

Modelling the distribution of qualitative
trunk zones.

The random process model determines the
order of appearance and length of trunk sections
of a certain quality from the butt to the top. In
general, a quality class can have seven discrete
values: A, B, C, D — for timber wood; E - for fire-
wood areas that are limited on both sides by tim-
ber areas; F — for firewood, the zone of which be-
gins after the last timber zone; G - waste (top of
the trunk with a diameter at the lower end <2 c¢m).
Notably, firewood zones of the E class were iden-
tified in a small number of model trees (out of 307
firewood zones, only 64 are classified as E), they
had an average length of 1.2 m. Assuming that the
effect of such segments on the total volume dis-
tribution is insubstantial, they were not consid-
ered in the simulation.

In accordance with the purpose of the study,
the task can be simplified so that only one class
of timber wood quality is considered - Te{A, B,
C, D} and firewood - F. Since there are no transi-
tions from the latter to the timber one, it can be
assumed that F - is the absorbing (irrevocable)
state of the system. In addition, placing a tran-
sition point from the zone on trunk F to zone G
is not probabilistic in nature and depends only
on the coincidence of a particular trunk. Given
this, the qualitative structure of the trunk can be
described as a random process where the quali-
ty class of the zone (may matter T and F) is the
state of the process, and the length of the zone is
the time it stays in this state. That is, the process
states change discretely, and the time continuous-
ly - from the minimum (for timber wood - 1.0 m,
for firewood - 0.5 m) to a certain maximum value.

Depending on the law of distribution of time
being in a certain state, processes with discrete
states and continuous time can be considered as
Markov or semi-Markov processes. Semi-Markov

processes are a direct generalisation of Markov
chains and processes and can be structurally de-
fined in several ways (Koroliuk & Turbin, 1976).

In this paper, a semi-Markov model was cho-
sen, which is defined by: 1) the initial distribution
of input probabilities; 2) the matrix of functions
of the distribution of random residence time in
the state i provided that the transition takes place
in the state j; 3) the transition probability matrix
of the Markov chain. This approach allows assum-
ing that the distribution functions of random res-
idence time in the state i do not depend on the
following state j, which the system will shift to.
In this case, the distribution functions are not re-
lated to the transition probability matrix and can
only depend on time and/or other indicators of
the system. In addition, it is also possible to con-
sider changing states ii by taking them into ac-
count in the transition matrix. In other words, the
length of a zone does not depend on the quality of
the next zone, and transitions can be made to the
same quality class (from T to T).

With this design of the process, its evolu-
tion can be described as follows: starting from a
certain state i, which is defined by a vector p in
the initial distribution, the system spends time in
this state (i with distribution function G(x); af-
ter the (i time has elapsed, the state changes to
j with a probability of p,, which is defined by the
transition matrix P; once in the state j, the system
spends in this state {j time, etc., until the process
goes into an absorbing state.

Process modelling methodology:

1. The initial distribution of input probabilities
was calculated based on empirical data. In gener-
al, it is a vector of relative frequencies of occur-
rence of a certain quality class at the beginning of
the cut trunk (from the stump):

p={p, ie(1,2....n)}.

If quality classes that can acquire 5 attribute
values (A, B, C, D, and E), provide numeric values,
then n=5, and a random variable x.€(1,2....5). The
distribution function of such a discrete series will
have the form:

F(x)=3,, <xp, (1)
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where F(x) — distribution function; x — function ar-
gument; x, — value of a random variable; p, - prob-
ability of occurrence i-th quality class; i — summa-
tion indexes for which the inequality is met x<x.

Accepting the simplification that a timber tree
isoneclass(T),thenn=2,andarandomvariablex,e(1,2).

When generating a random process, the
stump height (h~5‘) can be adopted as a fixed or
mathematical model based on biometric indica-
tors of the trunk. Considering the height of the
stump is necessary because the vast majority of
mathematical models of the generatrix describe
the coincidence of the trunk, starting from the
zero mark (from the earth’s surface).

2. The law of time distribution (i.e., the lengths
of timber zones) between the points of state
change was determined based on research ma-
terial. The absolute heights of the start points of
each zone are listed as relative, according to the
maximum possible length of the timber tree for a
specific trunk height and the minimum length of
the timber zone using the formula:

B o= h; — hst 5
LT rone _ pst _ jzone’ (2)
hmax h lmin

where in - relative height of the beginning of the
zone; h, — factual height of the beginning of the
zone, m; hZ%%¢ — mathematical model of the max-
imum height of the end of a timber tree, m; hst -
factual stump height, m; [29%¢ — minimum length
of the timber area, m.

The choice of such a reference is due to the
fact that the beginnings of timber zones are locat-
ed on the trunk in the height range h.e[h*; hZ%e
-[2ome] i.e. above the point hZo%¢-1297¢ the process
with probability 1 will move to the zone F of the
firewood and will remain there until the transi-
tion to the state G.

The maximum height of the end of the tim-
ber part of pine trunks was determined based on a

linear empirical model:
hie=as*a,h, (3)
where hZo"¢ — maximum height of the end of the

timber part, m; h - trunk height, m; a, a, - equa-
tion parameters.

It is necessary to present the values of zone
lengths also in relative units to obtain experimen-
tal data in a comparable form. They were recalcu-
lated using the formula;

N |zone _ Zzo_ne
Jzone — min 4)

Zzone — Z'zone ’
max min

where [# — relative length of the zone; [ — ac-
tual zone length, m; [22"¢ — minimum zone length,
m; [29%¢ — maximum zone length, m.

The numerator of this formula shows the
random component of the length, and the denom-
inator shows the range of values, that is, the dif-
ference between the possible maximum and min-
imum length.

The maximum length of the zone is limited
to the maximum possible height of the end of the
timber wood, so it was calculated using the equa-
tion:

Trgms = Rigae-h, ®)

where [Z29%¢ — maximum zone length, m; hZone —
mathematical model of the maximum end height
of timber wood (3), m; h, - factual height of the
beginning of the zone, m.

Modelling of the length distribution of
qualitative zones was performed according to the
given relative indicators using the beta distribu-
tion function, which describes continuous ran-
dom variables that have a domain of definition in
the interval [0-1]:

f&) = x A= 0)P, (6)

B(a,p)

where B(a, f) - beta function; x — independent
variable, m; o, f — parameters.

The parameters of the distribution function
were identified using the “Solution search” package
in MS Excel. The optimisation criterion is the mini-
mum sum of the squares of the differences between
the empirical data and the model response. Next
parameters a and p were aligned with the relative
height using an equation of the form:

y=a, exp(a-h)+ta, (7)
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where y — corresponding parameter of equation
(6); a,, a,, a, - parameters; hi - relative height.

The length of the firewood area (F) can be
identified for a specific implementation of a ran-
dom process as the difference between the height
of its end (i.e., the transition to the waste zone G)
and the height of the end of the timber part:

ifw=h~fw_ h~zone’ (8)

where [ - length of the firewood zone, m; h" -
height of the end of the firewood zone, m; h#"e -
end height of timber wood, m.

Height h' is calculated by the generative
equation,whichis covered in[10], for the condition
that f(h")=2 cm (minimum diameter of the fire-
wood in the upper section). The height of the end
of a timber tree can be identified by the formula:

i
hzone — fst + Z Zizone ; (9)
1

where h7r - end height of the timber part, m; h*t -
stump height, m; i - number of generated timber
segments, pcs.; 17" - length of the i-th timber
segment.

3. Transient probabilities. As mentioned ear-
lier, the zone quality class can have two values: —
T and F. Hence, the transition probability matrix
will take the form:

=lorr oor)

10

where p, - probability of transition from the state
i to the statej.

Accepting that p_ - is the value of some func-
tion F(x), then p_ =1-F(x), since events TT and TF are
incompatible and make up a complete group. In ad-
dition, the function F(x) is non-decreasing, because
moving up the trunk, the probability of switching
to firewood wood increases. If F - is an absorbing
state, then p, =0, and p_.=1, i.e. transitions FT do not
happen in the system. Hence, to determine the ele-
ments of the first row of the matrix, it is necessary
to find F(x). The beta distribution function (6) was
also used for this purpose.

Implementation of a random process.

It is assumed that trunk diameter (d, ;) and
its height (h) an uniform distribution within the
degree of thickness (gradation of 4.0 cm) and the
height category is accepted, respectively:

d, e[d"-2,0; d*+1,9]; (11)
he[h[r)nin; h[r)nax]’ (12)

where d*t - average diameter of the degree of
thickness, cm; h?  h? - minimum and maximum
heights, respectively.

The algorithm for generating a qualitative
structure of pine trunks using a random pro-
cess can be presented in Table 2. The algorithm
is implemented by the simulation method using
inverse random variable distribution functions,
where for each step (except for the third and last
two), a uniformly distributed random number is
generated as an argument to these functions.

Table 2. Algorithm for generating a high-quality trunk structure

Ne Indicator Source Link
1 d,; thickness limits (11)
2 h height discharge limits (12)
3 hst average value or mathematical model -

4 zone quality class input probabilities 1)
5 timber area length distribution function 2-7)
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Table 2, Continued

Ne Indicator Source Link
6 zone quality class transient probabilities (2, 6,10)
7 timber area length distribution function 2-7)
n-1 length of the firewood area generating function [10], (8,9)
n waste remainder to the top -

Results and Discussion

In the study, it is accepted that the trunk starts
with timber wood, that is, the initial state of the
process is a quality class T. Under such conditions,
the function of the initial distribution of input
probabilities (1) for the accepted quality classes
of zones (E, T) will acquire values: P,=0; P =1, be-
cause the appearance of an E zone on the trunk
wasn’t considered. The height of the stump in

the experimental material lies in a rather narrow
range of 0.10-0.15 m, so for modelling a random
process, its average value is taken (1°=0,133 m).

Fig. 1 shows the dependence of the abso-
lute heights of the endpoints of the timber part
of model trees on the trunk height, and a graph
of their maximum values according to the mathe-
matical model (3) and the identified parameters:
a,=-2,896; a,= 0,9851.

40
. . -
35 o factual height of end of timber part -
~
E. _ P
g 30 . : P
a, — — matematical model of height of end
g 96 of timber part 0 ©
g
£ 20 °
=
3 -
T s P i
(<] o
5 - .
= 10 ~ S
< = °
oo ~ o °
Y ~
< 5 P
~
O k T T T T
5 10 15 20 25 30 35 40

trunk height, m

Figure 1. Dependence of the height of the end of the timber part of the trunk on its height

Applying equation (2-5) and considering that
the minimum length of the timber zone does not
depend on the mensuration indicators of the trunk

and is equal to [Z}°=1, an array of experimental data
on the dependence of the relative length of the zone
on the relative height of its beginning is obtained
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(Fig. 2). Analysing this graph, it can be assumed that arbitrary relative height depends only on this height
thedistribution of therelativelength ofthezoneatan and does not depend on the height of the trunk.

1.0

0.9

0.8

relative lenght of zone,

0.7

0.6

0.5

0.4 §

0.3
0.2

0.1

0.0 ¢

0.0 0.2 0.4 0.6 0.8 1.0
relative height of beginning of zone, h

i

Figure 2. Dependence of the relative lengths of timber wood zones on the relative height of their beginning

Arrays of empirical data were analysed to In the future, the relative frequencies of
confirm this assumption for different groups of occurrence of zone lengths for gaps in the rela-
trunk heights by F- Fischer’s criterion and Stu- tive height of the trunk are calculated: [0-0,1],
dent’s t-test This analysis confirmed the hypoth- [0,1-0,4], [0,4-0,7] and [0,7-1,0]. Graphs of empir-
esis that the groups belong to the same general ical distribution functions for these intervals are
population (at the level of substantiality ¢=0.05).  shown in Fig. 3.

1.00 —
. 0.80 / //
= /
< 0.60
g
B= 0.40 - /
] heigh [0-0.1] heigh [0.1-0.4]
=] 0.20
[s+]
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1.00 == il
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0.60 V4
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0.20 P peign| ] / shl ]
0.00 —"
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relative lenght of zone,
Figure 3. Empirical functions of distribution of relative lengths of timber wood zones
at different relative heights of their beginning
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From the above graphs, it can be seen that
the distributions may differ from the expotential
one, with an uncharacteristic form for the latter at
the bottom and a bounded domain of definition.

Therefore, a random process can be classified as
semi-Markov. Calculated parameters « and f of the
equation (6) for those shown in Fig. 3 empirical
distributions are shown in Table 3.

Table 3. Algorithm for generating a high-quality trunk structure

Relative trunk height intervals
Parameter
[0.0-0.] [0.1-0.4] [0.4-0.7] [0.7-1.0]
a 1.946 2.156 1.997 2.467
B 7.979 5.388 2.874 2.636

The series of parameters that are shown
in Table 3 were aligned using the equation (7).
Graphs of their simulated values are shown in Fig-
ure 4, and the parameters of mathematical models
are shown in Table 4.

Therefore, using mathematical models (2-
7), at any point on the trunk, a distribution of the
absolute length of the zone can be obtained, the
parameters of which depend on the absolute height
of this point and the height of the trunk (Fig. 5).

9,0 T
£ 8.0 \\Q o Darametr o of empirical function
9] . .
g 70 " o parametr B of empirical function
e
2 6.0 B mathematical models of parameters
kS
% 5.0 ~9
e
30 T
1 s B
2.0 --:::::::::.‘.‘::.-..&-.—.'_ """"""""
pEsssgmssssssses .- e i _ TTeteee~eces
1.0
0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0
relative height of beginning of zone, h,
Figure 4. Mathematical models of parameters
Table 4. Parameter values of equation (7)
Parameters of equation (7)
Parameter of equation (6)
aO a] aZ
o 7.113-10° 8.395 2.300
B 7.113 -2.846 1.387
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Figure 5. Graphs of simulated timber zone length distribution functions
(a - for a trunk with a height of 30.0 m; b - for a point with a height of 3.0 m)

The end points of the timber wood that are  heights of these points in relative units using for-
shown in Fig. 1 t are the points of transition of mula (2), it is possible to get a comparable array of
the system to the absorbing state. Calculating the experimental data (Fig. 6).
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Figure 6. Dependence of the heights of the transition points
to the absorbing state on the height of the trunk

As can be seen from Fig. 6, the distribu- arrays of empirical data for different groups of
tion of transition points is weakly dependent on trunk heights by F- Fischer’s criterion and Stu-
the height of the trunk. In addition, the analysed dent’s t-test confirmed that these groups belong
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to the same general population (at the level of
substantiality «=0,05). In Figure 6 it can be seen
that some values of relative heights are greater
than one. These are the transition points located
on the trunk in the interval [RZ97¢-1; hZ°"¢]. When
the next point hits this interval, the process will
go into an absorbing state with probability 1, be-
cause the minimum length of the zone is T cannot
be less than 1 m. Considering this, the transition
probability distribution function can be repre-
sented as: 0, B, < 0;

I
F(R) = f FR)AR, 0<h <1 (13)
0

1, hAi > 1,
1.0
z
£ 08
el
e
a
0.6
0.4 |
0.2
0.0 o
0.0 0.2 0.4

where F(ﬁi) - distribution function; f(ﬁi) - distri-
bution density; ﬁi - relative height.

The trunks of model trees were divided into
intervals of 0.05 of the relative height () to deter-
mine the distribution law and its parameters. In the
future, the relative accumulated frequencies of oc-
currence of transition points to the state F are cal-
culated, which fell into these gaps. Analysis of the
empirical relative frequency distribution function
showed that it is also approximated with sufficient
accuracy by the beta distribution function (6) with
the parameters: a=10,75; p=2,436. Fig. 7 shows a
graph of the distribution function (13) against the
background of empirical data.

0.6 0.8 1.0
relative height of transition h

o empirical distribution

— mathematical model

Figure 7. Distribution of relative heights of transition points to the absorbing state

Therefore, for the first row of the matrix (10)
for a specific relative height, the transition probabili-
ties can be determined using the equation (13).

The obtained mathematical models of the
characteristics of a random process can be esti-
mated using statistical methods. For the length
of the zone, an interval estimate of the average is
made, which is more reasonable and reliable than
the point estimate. If the mathematical expecta-
tion of the zone length distribution model lies in
the confidence interval of the average value for the

sample, then it is likely that the approximation er-
ror will not exceed the value of this interval.
Confidence intervals of the sample mean for

probability 0.99 (0=0.01) are calculated from the
intervals of the relative height of the beginning of
zones (Table 3) according to the formula:
o, 2,58

\/H )
wherex_ - sample average of the relative length of the
zone; o, — sample standard deviation; n - number of
zones.

(14)

B —
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The mathematical expectations of the beta
distribution of relative zone lengths for each point
in the empirical data are calculated by the formula:

wherex - mathematical expectation of the mod-
el; a, p — parameters of equation (6) of the Table 3.
The obtained data are shown in Figure 8.

X, = R 15
1.0 —
/t
0.8 T‘/
1 1

— 0.6 /’
g i
5 i/
IS} 0.4
3 /‘/
E T# ‘/
2 0.2 .t
<
4
'g 0.0 : ;
E 0.0 0.2 0.4 0.6 0.8 ltO

relative height of transition h

e empirical distribution

- mathematical model

Figure 8. Confidence intervals of the average length of empirical data zones
and their mathematical expectation based on the mathematical model

Analysis of the above graph shows that with
a probability of 99%, the mathematical expectation
of the simulated average length of the zone will be
in the confidence interval, which indicates the ac-
ceptable accuracy of the mathematical model. In
absolute terms, the mathematical expectation of
the model is averaged over all points in the model
trees (5.76 m) and approaches the empirical average
(5.67 m), which also confirms this conclusion.

The accuracy of the mathematical model of
the transition probability distribution (13) was
acceptable both for the standard error of the sim-
ulation (s,=0.0184) and the coefficient of deter-
mination (R?=0,996).

Analysing the structure of the described
random process, two main factors that substan-
tially affect the final result of generating a quali-
tative trunk structure are distinguished.

First, it is the maximum length of timber
wood. This indicator determines the scope of dis-
tribution of timber zone lengths and their possi-

ble maximum length, and the distribution of the
height of the transition of timber zones to fire-
wood ones. In practice, the height of the end of
the timber part of the trunk is the basis for di-
viding trees into categories of technical suitabil-
ity. Therefore, after modelling this indicator for
semi-timber and firewood trunks, other charac-
teristics of the random process can be can be eas-
ily identified.

The second factor is the form (or law) of the
distribution of timber zone lengths. It is possible
that for other tree species, approximating distri-
butions will require applying different random
functions than for pine, which indicates the need
for further research.

The positive side of a random process is the
property of creating implementations based on it
that are not present in the sample but can exist with
a certain probability in the general population. Evi-
dently, if there are two identical trunks in the empir-
ical material, in which a zone with a length of 3.0 m
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and 4.0 m, respectively, begins at a certain height,
then it can be argued that there are trunks in nature
with a zone length of 3.1, 3.2 ... 3.9 m. Therefore, the
formation of a simulation sample based on a random
process considers such options, and therefore more
fully reflects the object of research.

The methodology developed in this paper al-
lows obtaining a pilot sample for further calcula-
tion of standards for the size-quality or commodity
structure of plantings based on it. Admittedly, the
question arises of the size of such a sample. Ac-
cording to previous studies (Poliakov & Poliakov,
1999, 2008, 2009), it was identified that for each
“diameter-height” variant, stabilisation of the
trunk volume distribution indicators occurs after
150 process generations.

Another issue is finding indicators of the
trunk volume distribution based on the result-
ing process implementations. The most advanced
methods for estimating the volume of the trunk are
related to its creator, which allows for predicting
the diameters from the butt to the top and cal-
culating the median diameter and volume of any
segment, knowing the height of its beginning and
end. Therefore, obtaining data on the volume dis-
tribution of the array of generated trunks requires
an adequate mathematical matching model and a
conditional bucking algorithm in accordance with
production specifications.

In recent studies, the mathematical mod-
el of the generatrix in the bark (A. Kozak, 2004),
and the model of the ratio of diameters with-
out bark and in the bark, are substantiated for
ten main tree species of Ukraine. The parameters
of these models were determined and tested in
the framework of scientific-technical work (De-
veloping Reference Data, 2020). The conditional
bucking algorithm uses these models to deter-
mine the diameters of the generated trunk without
bark at the transition points of quality zones and
“bucking” the trunk so as to obtain the maximum

yield of timber of the highest quality classes. The
algorithm allows using real specifications of round
timber in the middle diameter without bark and
length, therefore bringing the simulation result as
close as possible to modern production conditions.

Conclusions

The study describes the methodological prereq-
uisites for using a random process to model the
distribution of the length of the timber part of
tree trunks as the main characteristic that affects
the dimensional and qualitative structure of wood
reserves. The proposed approach allows predict-
ing various combinations of biometric indicators
of trees and increasing the level of reliability of
mathematical models as the basis of volume ta-
bles. The results of the study show that the length
of segments of the timber and firewood parts of
the trunk depends primarily on the relative height
of the trunk area where they are observed. For a
mathematical generalisation of this process, the
paper defines four zones within which the dis-
tribution of the length of the timber part of the
trunk can be described by a single function. Thus,
the developed algorithm allows for examining the
regularities of the order of appearance of various
qualitative zones of the trunk and using them
during simulation modelling of the qualitative
structure of tree trunks.

Despite the fact that the completed study
concerns exclusively timber trunks, other pat-
terns are possible in the distribution of quality
characteristics for the trunks of semi-timber and
firewood trees. In general, the results of the study
indicate ways to improve the methodology for de-
veloping standards for the dimensional and qual-
itative structure of wood due to the lack of suffi-
cient accumulated empirical data, which becomes
especially relevant in the context of the introduc-
tion of new standards for wood classification in
Ukraine.

Vol. 12, No. 3, 2021

Ukrainian Journal of Forest and Wood Science 18



Bychenko et al.

References

[1] Adamec, Z., Adolt, R., Drapela, K., & Zavodsky, J. (2019). Evaluation of Different Calibration
Approaches for Merchantable Volume Predictions of Norway Spruce Using Nonlinear Mixed
Effects Model. Forests, 10 (12), 1104. doi: 10.3390/f10121104

[2] Banzhaf, G.M., Matney, T.G., Schultz, E.B., Meadows, J.S., Jeffreys, J.P., Booth, W.C., Li, G., Ezell,
AW., & Leininger, T.D. (2016). Log-Grade Volume Distribution Prediction Models for Tree Species
in Red Oak-Sweetgum Stands on US Mid-South Minor Stream Bottoms. Forest Science, 62 (6),
671-678. doi: 10.5849/forsci.15-138

[3] Bilous, A. M., Kashpor, S. M., Myroniuk, V. V., Svynchyk, V. A.; & Lesnik, O. M. (Eds.). (2020).
Forest Inventory Handbook. Dnipro: Lira LTD, 2020 [in Ukrainian].

[4] Developing Reference Data for Log Grading by Diameter Classes: Report (p. 310). (2020). Kyiv:
National University of Life and Environmental Sciences of Ukraine [in Ukrainian].

[5] Developing Scientific Background for Optimization of Logging in Stands of Main Forest Forming
Species in the Carpathians: Report (p. 64). (1983). Kyiv: Ukrainian Agricultural Academy
[in Ukrainian].

[6] Fonweban, J., Gardiner, B., & Auty, D. (2012). Variable-top merchantable volume equations for
Scots pine (Pinus sylvestris) and Sitka spruce (Picea sitchensis (Bong.) Carr.) in Northern Britain.
Forestry, 85 (2), 237-253. doi: 10.1093/forestry/cpr069

[7] Fortin, M., Guillemette, F., & Bédard, S. (2009). Predicting volumes by log grades in standing sugar
maple and yellow birch trees in southern Quebec, Canada. Canadian Journal of Forest Research, 39
(10), 1928-1938. doi: 10.1139/X09-108

[8] Kashpor, S. M., & Strochynskyi, A. A. (Eds.). (2013). Forest Inventory Handbook. Kyiv: Vinichenko,
496 [in Ukrainian].

[9] Koroliuk, V. S., & Turbin, A. F. (1976). Semi-Markov processes and their application. Kyiv: Naukova
Dumka [in Russian].

[10] Kozak, A. (2004). My last words on taper equations. The Forestry Chronicle, 80 (4), 507-515.
doi: 10.5558/tfc80507-4

[11] Nikitin, K. E., & Shvidenko, A. Z. (1972). Timber Cruising Using Computers. Kyiv: Urozhai, 200 [in
Russian].

[12] Poliakov, O.V., & Poliakov, M. 0. (1999). Adaptive Algorithm for Commercial Grading of Harvested
Wood: Manual. Scientific Bulletin of National Agricultural University, 17, 345-348 [in Ukrainian].

[13] Poliakov, O. V., & Poliakov, M. O. (2008). Adaptive Commercial Grading of Harvested Wood:
Reference Data. Scientific Bulletin of National Agricultural University, 122, 153-158 [in Ukrainian].

[14] Poliakov, O. V., & Poliakov, M. O. (2009). Adaptive Commercial Grading of Harvested Wood: A
Simulation Algorithm. Scientific Bulletin of NULES of Ukraine, 135, 201-205 [in Ukrainian].

[15] Schneider, R., Riopel, M., Pothier, D., & Coté, L. (2008). Predicting decay and round-wood end
use volume in trembling aspen (Populus tremuloides Michx.). Annals of Forest Science, 65 (6),
608-608. doi: 10.1051/forest:2008042

[16] Yudytskyi, Ya. A. (1985). Description of Grades of Harvested Wood using scholastic Process. In
Trends in Growth and Productivity of Forest Stands: Proceedings, Kaunas, Lithuania, April 6-17, 1985
(pp. 297-299) [in Russian].

Vol. 12, No. 3, 2021 Ukrainian Journal of Forest and Wood Science 19



Modelling the qualitative structure of scots pine trunks using a random process

MogaenioBaHHS SIKICHOI CTPYKTYPHM CTOBOYPiB COCHM 3BMYAITHOT
3a JOIIOMOTOI0 BUITaIKOBOTO IIPOLIeCy

Bonoaumup BopucoBuu Buuenkol, Bikrop BanenTnHoBmuy MupoHIoK?,
ITerpo IBaHoBuY Jlakuaa'!, Makcum MukosaiioBnu Byp’ sHayK!

TepskaBHe MianpueMcTBO «CMiITHChKE JIiCOBE TOCIIOAapCTBO»
20724, Byn. HezanexxHocri, 1B, c. Byaku, YepkacbKka 06i1., YKpaiHa

’HarnioHasbHMIA YHiBEpCUTET 6iopecypciB i MpMUPOIOKOPUCTYBAHHS YKpaiHU
03041, Byn. T'epoiB O6oponnu, 15, m. Kuis, Ykpaina

AHortamniss. YV gochaigkeHHi BUCBIiTJIeHO METOOMKY IIPOTHO3YBaHHS 06’eMy SIKiCHMX KaTeropiii
CTOBOYpPOBOi [AepeBUMHM [JIST MOiOBUX CTOBOYpPiB COCHM 3BUYAMHOI, 3 BUKOPUCTAHHSIM MOeT]
posmoniny pisHMX SKiICHMX 30H B3OOBXK IO CTOBOYpY. JocCmigskeHHS 6a3yeTbCsd Ha €MITipUUHOMY
Marepiaii, 3i6paHoMy Ha Jicociii pyOKy roJJoOBHOIO KOPUCTYBAaHHS, Ha AKiii 11 245 MOIeIbHUX TepeB
BMU3HAUYEHO MPOTSKHICTh PiSHUX SIKICHMX 30H IepeBMHM Bif, OKOpeHKa 10 BepxiBKu. [IJis1 y3araabHeHHS
YeproBOCTi MOSIBM Ta MPOTSKHOCTI 30H [iJIOBOi JAepeBUHM, APOB i BiAXOZAiB y pOOGOTI BUMKOPUCTAHO
HamiBMapKOBChKY MMOBiIpHiICHY Mope/b, SKy BMU3HauaauM Tpu mnapameTpu: 1) BximHi JiMoBipHOCTI
MOSIBY BimMOBigHOI SIKiICHOI 30HM B OKOPEHKOBiif 4acTUHi CTOBOYypa (IIOYATKOBMII CTaH); 2) MaTPUIS
pPO3MOMiNy MOBXMH 30HU; 3) MaTPUIST iMOBipHOCTel 3MiHM SIKiCHMX 30H Ha Pi3HMUX BMCOTAX CTOBOypa.
3rigHo 3 JOCTIAHMMM TaHUMU, IPUITHSITO, IO CTOBOYPYM COCHU MOYMHAIOTHCS 3 AiJI0BOI JepeBUHU. I
MOJIeTIOBAHHS MPOTSKHOCTI IKiCHMX 30H CTOBOYpa 3aCTOCOBAHO GYHKIIiI0 6eTa-po3mofiny, mapaMeTpu
AKOi Mifi6paHo 3a7eXHO Bif BiZHOCHOI BMCOTM IOYATKy BiAMOBimHOI 30HM cTOBOypa. MiMoBipHOCTI
3MiHM SIKiCHUX 30H OOUMCJIEHO HA OCHOBi eMIipUYHUX AaHUX. Y TOCTiIKeHHI BUSBIEHO, [0 PO3ITO/IiJ
IOBKVH JiJIOBOi Ta JPOB’SITHOI TepeBMHM 3aJIEXKUTH BiJl aOCOMIOTHOT BMCOTH PO3TallyBaHHS Ha CTOBOYpi
Ta BUCOTU CTOBOypa. [T MaTeMaTMUHOTO y3araJbHEHHS IIbOTO MPOIlecy B po60Ti BU3HAUEHO YOTUPU
30HM, B MeXaX SIKMX PO3MOMiJ MPOTSIKHOCTI MiJIOBOi YaCTMHU CTOBOYpa MOXKe OMMCYBATUCS €IUHOIO
dyHKIie0. IMOBipHOCTI 3MiHM SIKICHMX 30H 3MO/IeJIbOBAHO 3aJIESKHO Bifl BiTHOCHOI BMCOTM CTOBOYPIB.
Ha 1iit ocHOBi ompalbOBaHO MeTOAMUKY iMiTalifiHOTO MOJeTI0BaHHS BUXiJHUX MacCUBiIiB MaHUX, SIKi
MOXYTb BUKOPUCTOBYBATHMCS 3 METOK PO3POOIEHHS TabJNUIb PO3MipHO-SIKiCHOI CTPYKTYPU AePEeBUHM
IUJISI CTOBOYpiB pi3HUX AiaMeTpiB, BUCOTY Ta KATErOPiil TEXHIYHOI MpUAATHOCTI. BUKOHaHe moC/igskeHHS
CTOCYETBHCSIJIMIIE AiIJIOBUX CTOBOYPIiB COCHM, TOK HOTPiOHO OUiKyBaTHU iHIIi 3aKOHOMiPHOCTI /1 CTOBOYPiB
iHIIMX JepeBHUX BU/IiB, a TAKOXK HAMiBAIOBMX i APOB’THNUX CTOBOYpPiB. PO3p06ieHy MeTOAMKY JOPEUHO
BUKOPUCTOBYBATHU ITii YaC OHOBJIEHHS TabGaUIIb PO3IOAIy 06°eMy CTOBOYPiB 3a pO3MiHHO-SIKiCHUMMU
KaTeropisMu, ki HuHi Tpeba OHOBUTU ILISIXOM 3aIllPOBAKEHHS HOBMX BUMOTI IIOAO Kiaacudikarii
Ii710BOi IepeBMHMU B YKpaiHi

KnarouoBi cioBa: fgisioBa mepeBuHA, (GYHKIiST PO3MOAiNy, HalliBMapKOBChKa MMOBipHiCHA MOJeb,
TabINIi PO3MipHO-SIKiCHOT CTPYKTYpU
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