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ABSTRACT

The objective of this study was to use mathematical models for the prediction of sawnwood
yields based on dendrometric parameters of standing trees, which allow an adequate

definition of their potential in the Combate de la Tenerfa sawmill. Sawnwood yields are
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influenced by the position of the log in the tree trunk, with a decrease depending on the
height. The four equations constructed to determine the yield of sawnwood have acceptable
correlation and determination coefficients and low standard errors of estimation. However,
the best behavior is shown by the model Ln (rend) = 1.084 + 0.464 * 1 nd 1300.1201 I , which
has the best fit, the independent variables explain 67 % and the lowest value of the standard
error of estimation. Based on the elasticity analysis, the diameter can be defined at 1.30 m,
it is the predictor variable with the greatest positive influence on the increase in sawnwood
yields. Taper has a negative effect on the volume and value of sawnwood. The use of the
statistical control of saw detected that the process is out of control, which implies the need

to carry out the corresponding analysis to eliminate this deficiency.

Keywords: tree, dimensions, sawmill, efficiency, quality.

RESUMEN

El objetivo del presente estudio fue emplear modelos matematicos para la prediccién de los
rendimientos de la madera aserrada a partir de pardmetros dendrométricos de los arboles
en pie, que permitan una adecuada definiciéon de su potencial en el aserradero Combate de
la Teneria. Los rendimientos de madera aserrada estdn influenciados por la posiciéon de la
troza en el fuste del arbol, con un decrecimiento en dependencia de la altura. Las cuatro
ecuaciones construidas para determinar el rendimiento de la madera aserrada tienen
aceptables coeficientes de correlacion, determinacién y bajos errores estandar de estimacion.
Sin embargo, el mejor comportamiento lo posee el modelo Ln (rend) = 1,084 + 0,464 * 1, d1,30
0,1201 1, que tiene mejor ajuste, las variables independientes explican el 67 % y el menor
valor del error estandar de estimacion. En funcién del analisis de elasticidad se puede
definir el didmetro a 1,30 m es la variable predictora de mayor influencia positiva sobre el
incremento de los rendimientos de madera aserrada. La conicidad tiene un efecto negativo
sobre el volumen y valor de la madera aserrada. Con la implementacién del control
estadistico del aserrado, se detecté que el proceso estéd fuera de control, lo cual implica la

necesidad de realizar el andlisis correspondiente para eliminar esta deficiencia.

https://cfores.upr.edu.cu/index.php/cfores/article/view/805
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RESUMO

O objetivo deste estudo foi utilizar modelos mateméticos para prever o rendimento da
madeira serrada com base em pardmetros dendrométricos de arvores em pé, que permitam
uma defini¢do adequada do seu potencial na serraria Combate de la Teneria. O rendimento
da madeira serrada é influenciado pela posi¢do da tora no tronco da arvore, diminuindo
conforme a altura. As quatro equacdes construidas para determinar o rendimento da
madeira serrada apresentam correlagao e coeficientes de determinacado aceitaveis e baixos
erros padrado de estimativa. Porém, o melhor comportamento é apresentado pelo modelo Ln
(rend) = 1,084 + 0,464 * In d1,30 0,1201 In, que apresenta o melhor ajuste, as varidveis
independentes explicam 67% e o menor valor do erro padrdo de estimativa. Com base na
analise de elasticidade, o didmetro pode ser definido em 1,30 m como a varidvel preditora
com maior influéncia positiva no aumento do rendimento de madeira serrada. A conicidade
tem um efeito negativo no volume e no valor da madeira serrada. Com a implementacdo do
controlo estatistico da serragem, detectou-se que o processo esta fora de controlo, o que

implica a necessidade de realizar a andlise correspondente para eliminar esta deficiéncia.

Palavras-chave: arvore, dimensoes, serraria, eficiéncia, qualidade.

INTRODUCTION

Different studies have been carried out related to the determination of sawnwood yields,
taking into consideration the characteristics of the logs, the use of statistics and
mathematical programming, but they present the limitation that they do not take into
consideration the dendrometric variables. and the quality of standing trees, without which
the planning of activities related to wood supply does not present the desired accuracy

(Sarna and Zhang, 2004; Zhang et al., 2005, Liu et al., 2007 y Estremera and Rodriguez, 2021).

https://cfores.upr.edu.cu/index.php/cfores/article/view/805
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However, in works developed in Canada, the United States, Germany, and Sweden, they
do take into consideration the dendrometric characteristics of standing trees to predict
sawnwood yields (Zhang et al., 2006 y Liu et al., 2007). Thus, it is established that it is
essential in wood sawing processes to take into consideration the relationship between

sawnwood yields and the dendrometric characteristics of the trees.

Establishing the relationship between tree characteristics and product value can be used in
the mechanical wood processing industry to estimate the potential of individual trees and
the stand before they are felled. This relationship can be useful for the strategic development

of sustainable forest management.

The objective of this research was to use mathematical models for the prediction of
sawnwood yields based on dendrometric parameters of standing trees that allow an

adequate definition of their potential in the sawmill.

MATERIALS AND METHODS

The work is carried out at the Combate de la Teneria sawmill, belonging to the Macurije
Agroforestry Company, located in the westernmost region of the province of Pinar del Rio,

covering parts of the territories of the Guane and Mantua municipalities.
Determination of sample size and sampling intensity

The data were taken from a population of 954 trees belonging to stands 21 and 19 of lot 22
of the Guane Forestry Unit, from which, through random sampling, a pilot sample of 58
trees was taken to determine the number of representative units for the study, having as the
variable of interest the diameter at 1.30 m height of the tree, to determine the number of
representative units for the study, based on the following equation for infinite population

(Ortiz et al., 2016; Borges et al., 2019) . Equation 1:

t2 s?

n= 77 1

p24 &>

https://cfores.upr.edu.cu/index.php/cfores/article/view/805
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Where: n- sample size; t% - tabular value of t (a= 0.05); with (n-1) degrees of freedom; S 2

Estimated variance; E Allowable error (10%); N- total number of trees measured.

From which resulted a sample of 106 trees that were marked standing and after being felled,
their diameters were measured at 1.30 m, diameters of the ends of the logs and their lengths,
this marking procedure is necessary for subsequent identification and measurement of

variables in the sawmill such as the taper and volume of the logs and volume of sawnwood

Mathematical modeling of the influence of dendrometric parameters of standing trees on sawnwood

yields

To obtain the percentage yield, the following relationship was used based on the work

carried out by Barth et al. (2016), Ceballos et al. (2017) and Leyva et al. (2017). Equation 2:
v
k=) @

Where: Rv - Total volumetric yield, %; Vma - Volume of sawnwood, m 3; Vt - Volume of

wood in logs, m 3.

The volume of total sawnwood in each log in the sawmills is determined based on the linear
measurements obtained from the sawnwood according to the expressions set forth below

(Orozco et al., 2016; Leyva et al. 2020). Equation 3:

Vma :Zn:(ai*gi*li) 3)

i=1

Where: Vima- Volume of sawnwood from a log, m3; 4, g, [ width, thickness and length of the

piece i obtained from a log or group of logs, m; n- Number of sawn pieces of a log

The calculation of the raw volume of each log is carried out using the Smalian formula in
correspondence with the work developed by Alzamora ef al. (2019) and Casagrande et al.
(2019) Equation 4:

Vmb = ((g1 + g2)/2) x L (4

https://cfores.upr.edu.cu/index.php/cfores/article/view/805
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Where: Vmb - volume of the bolus (m?); g1, basal area at the fine end (m?); g, basal area at

the thick end (m?); L, length of the log (m).

For the prediction of the estimated yield of sawnwood, simple, multiple and stepwise linear
regression was used, taking into consideration the models shown below, Equation 5, 6, 7

and 8:

Lo(Rend) = b, + by xIn(dy30) + by * Ingon  (6)
Ln(Rend) = In(b,) + (b1 * ln(dmo)) (7)
Ln (Rend) = In(b,) + (In(by) * d130) (8)

To determine the conicity of standing trees, work carried out by Kozakiewiz was taken as a
reference. et al. (2018) and Alvarez et al. (2020), which take into consideration the lower value

of the first two logs, using the following mathematical expression Equation 9:

— (DZ_ Dl) (9)

Where: Con-taper, cm /m; D 1-Smaller diameter of the log, (cm); D »- Largest diameter of

the log, (cm); L - Length of the log, (m)

130, stem height (commercial) and taper were used as independent or predictor variables,

and the yield of sawnwood was used as a response or dependent variable.

In determining the quality of the proposed models, the following aspects were taken into

consideration:

Theoretical assumptions: normality, homoscedasticity and serial independence of the
residuals using the Durbin Watson test. The presence of multicollinearity between the
predictor variables is evaluated using the variance inflation factor (VIF) (Maddala, 1996 and
Najera et al., 2012), assuming for those equations that presented a VIF greater than 10 for

some of their independent variables

https://cfores.upr.edu.cu/index.php/cfores/article/view/805
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Goodness of fit: adjusted coefficient of determination (R”2 adj), the standard error of the
estimate (S x), and the statistical significance of the adjusted regression coefficients. Those
models that presented at least one non-significant parameter other than zero were

eliminated.
Validation of regression models

It is proposed that the most important process after a model has been obtained is validation.
Its main objective is to ensure that the results are generalized to the entire population and

not specific to the sample used in the estimation (Hair et al., 1999).

The data used for validation are different from those used to fit the models; coinciding with
the approaches of Alder (1980). Bias and mean square error were used as prediction statistics

Equation 10:

— N (v,—-%
E — Zl:l(yl Yl) (10)
N

Where: C- bias; Y ;- observed value; ¥;- - predicted value; N- total number of data used

Equation 11:

N _7\2
EMC — Zi=1(yl Yl) (11)
N-P

Where: Where: EMC-mean square error; Y ;- observed value; - predicted value; N- total
number of data used; P-total number of parameters to estimate

Evaluation model using elasticity analysis

Yields in value of sawnwood from individual trees will be quantified based on the diameter
at 1.30 m, the diameter of the root of the tree, the total height of the tree, the height of the
first branch of the tree, the height of the crown of the tree and the taper of the stem; so we

have the following expression: agreeing with Zhang et al. (2005). Equation 12:

Ry = f(d1.30,Con) (12)

Where: R ;- Represents the values of the Con- Conicity of the stem, (cm/m).

https://cfores.upr.edu.cu/index.php/cfores/article/view/805
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The elasticities of the outputs were determined in the following ways Equation 13 and 14:

For d 130m

d
E(Rend,d; 3) = (aRend/ admo)( 130/ Rend>(13)

For taper

E(Rend, Con) = (aRend/OCon) (Con/Rend)(14)

Determination of sawing variation from the implementation of statistical control of the sawing

process

To carry out the pertinent analysis, in the Combate de la Teneria sawmill, 100 sawn pieces
of Pinus caribaea have been taken coinciding with the methodology proposed by Leyva et al.

(2017) and Alvarez et al. (2020).

For each piece of saswnwood, six measurements were taken, three on each edge, equidistant
along them, taking care to establish a permanent sequence of measurements with respect to
the direction of exit of the pieces from the saw, with the aim of identifying possible problems
in the equipment. Measurements are made with a caliper to the precision of the tenth of a

millimeter, in areas of healthy wood, avoiding knots, rot and other defects.

Due to the complexity and volume of the calculations, especially in the calculation of
thickness variations in the sawing when a large sample is available, it was necessary to find
an agile and feasible tool for data processing, which is why use the CONTROL program
(Alvarez et al. 2020).

For this, the Control software version 5.1 was used, which allows determining the optimal
sawing dimensions; as well as the determination of the variation in thickness, which is based
on the formulation proposed by Brown (1986) and Alvarez et al. (2020) , for the calculation
of the optimal dimension of the assortment and other parameters described below Equation

15:

https://cfores.upr.edu.cu/index.php/cfores/article/view/805
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Calculation of the optimal dimension (D,)

__ DF+TC
o (1-%C)

+ Z * St(fifteen) (15)

Where: D, -Optimal green wood cutting dimension, mm; DF- Final dimension, mm; TC-
Tolerance for brushing on both sides of the assortment, mm; %C- Wood shrinkage tolerance,
%; Z- minimum acceptable dimension factor (dimensionless); St - Total sawing variation,

mm Equation 16,17, 18:

St = VSd? + Se? (16)
Sd - standard deviation of the sawing process within the parts (mm);

Se- standard deviation of the sawing process between pieces, mm.
Sd = +/52 (17)

Se= 52 - L (18)

Where: 52 (x)- represents the variance of the average thicknesses of each sampled piece; n-

number of measurements per piece.

D.)must be taken into consideration , which is related to the dimension of the green wood,
if pieces could be produced without sawing variation. The mathematical expression that

makes it possible to determine this dimension is the following Equation 19:

__ DF+TC
CT (1-%0)

(19)

The data from the analyzed samples are processed using the CONTROL program,

considering the following specific aspects:
DF =25 mm;
TC=0;

C= tangential contraction of Pinus wood caribaea of 4.30% according to Ibafiez (1975); Z- 5%

according to Zavala (1991), Najera (2011) and Alvarez et al. (2020).

https://cfores.upr.edu.cu/index.php/cfores/article/view/805
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RESULTS AND DISCUSSION

Determination of sawnwood yields

In Figure 1, shows that sawnwood yields decrease from the base to the tail; which is a direct
consequence of the increase in conicity due to the decrease in diameters with height;

coinciding with Najera et al. (2012).

55,6919323
45,387738

42,3519952

Ren/B Ren/C Ren/R

Fig. 1. - Frequency of performance in different positions of the tree trunk. Ren/B-yield at base (%);
Ren/C- performance in the center (%); Rend /R-yield at the top (8 %).

The results presented above demonstrate that diameter is a dendrometric variable that has
a direct relationship with sawnwood yields, coinciding with Ortiz et al. (2016); Alvarez et al.

(2020) and Leyva et al. (2020).

As the diameter increases, the yield of the logs in sawing also increases. Which implies in
the processing of small-sized wood, low levels of performance and less profit for the

sawmill.

https://cfores.upr.edu.cu/index.php/cfores/article/view/805
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Models to estimate the yield of sawnwood from dendrometric variables
Using the independent variables with the greatest relationship with the dependent and
response variable, equations for estimating the yield of sawnwood were obtained. The

compared models are seen in Table 1, with their respective coefficients of determination (R?)

and standard error of estimation (S).

Table 1. - Models to determine wood yield in standing trees

Regression models R?2 S
L »(rend) =1.013 + 0.0519 *1 , d 1.30 (20) 0,657 0,032
L. (rend) =1,084 + 0,464 * 1, d1,30 - 0,1201 1, Con (21) 0,671 0,031

Ln (rend)= 1, 7,27119601 + (1,02303964 * 1,, (d1,30)) 22) 0654 0,11

L . (rend) =1,0.16089255 + (1 , (1.2660825) * d 1.50) @3) 0657 011

The four equations constructed to determine the yield of sawnwood have acceptable
correlation and determination coefficients and low standard errors of estimation. However,

the best behavior is shown by model (20):

Ln (rend) = 1.084 + 0.464 * 1 nd 1300.1201 1 » that has the best fit (the independent variables

explain 67 % and the lowest value of the standard error of estimation.

The present model also agrees with the assumptions of Durbin-Watson independence with
a value of 2.038, the homogeneity of variance and the assumption of multicollinearity with

a tolerance of 0.308.

Table 2 shows the prediction capacity of the model that provides the best results, showing
the low values of the mean square error, bias and standard deviation of the residuals. These

results correspond to those obtained by Sanchez et al. (2003).

https://cfores.upr.edu.cu/index.php/cfores/article/view/805
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Table 2. - Predictive capacity of the selected model

Modelo Adjustment Validation

EMC E Sy EMC E Sy

Ln (rend) =1,084 + 0,464 * 1, d1,3 - 0,1201 1, Con  9,8x10#4 2x107 0,032 0,001 0,408  0,0315

Evaluation model using elasticity analysis

The relationships derived from regression models can be used to characterize some
properties, among which elasticities and the interaction between dependent and

independent variables stand out (Liu et al., 2007).

The elasticities of the outputs in the model Ln (rend) = 1.084 + 0.464 * 1, d1.300.1201 1 , with

in the case of sawnwood are illustrated as follows Equation 20 and 21:
For di3om
B(Rend,dy50) = (ORendjo, ) (4307 1) = b1-0,464 (20)
The contribution of the predictor variables on the yield of sawnwood is:
0.464 d130m

- 0.120 for taper
E (Rend, Con) = (ORendy, . (Con/p Y= b, = —0,120 (21)

Which indicates that d 1.30mis the factor of greatest significance and influence on the volume
of sawnwood produced in a positive way. On the other hand, taper has a negative effect,
which makes it possible to establish that sawnwood yields decrease with an increase in taper

(Tong and Zhang, 2006).

The relative value of sawnwood shows an increase as a function of disz m, which is

quantified based on the following mathematical expression Equation 22:

https://cfores.upr.edu.cu/index.php/cfores/article/view/805
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(aRend/Rend) = 0,464 (aRend/adl'm)) (22)

Which establishes that the increase of 1 % of d 130can cause an approximate increase of 0.464
% of the yield in value of the sawnwood, which denotes a positive contribution of d 130mon

the magnitude of the value of sawnwood.

It is significant to define that the taper presents an inverse effect as set out in the following

mathematical expression Equation 23:
O0Rend - _ drend
/Rend = —0,120 ( /Con) (23)

With which it is established that the increase of 1 % of the taper causes a negative effect or

reduction of yields in sawnwood values of -0.120 %; agreeing with Zhang et al. (2006).
Statistical control of the saw process at the Combate de la Teneria sawmill

In the Combate de la Teneria sawmill, belonging to the EAF Macurije, there is a generalized
oversizing of the sawnwood, which can be seen in Table 3. These results coincide with those

obtained by Alvarez et al. (2020) and Leyva et al. (2020).

Table 3. - Results related to the analysis of sawing variation in the sawmill

Parameters 25mm thick pieces

3 mlong piece 4 m long piece

Optimal dimension (Do), mm 26.40 27.50
Final dimension ( Df ), mm 25.00 25.00
Optimum dimension (Do), mm. 26.30 27.54
Critical dimension ( Dc ), mm. 25.48 25.48
Variation within pieces (Sw ), mm (0.00371 0.0726
Variation between pieces (Sb), mm 0.0210 0.07
Total process variation (St), mm. 0.0427 0.11

According to the average thickness values for the pieces represented in Table 3, values are

shown for the species, above what was established as the final dimension (25 mm), with

https://cfores.upr.edu.cu/index.php/cfores/article/view/805
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variations greater than 1.5 mm, representing a considerable loss. of sawnwood, which
implies the need to develop the statistical process control process in the sawmill; coinciding

with Barrera et al. (2016).

The use of the Control program to determine the optimal dimensions of sawnwood, as well
as the construction of control charts (Figure 2 and Figure 3). It constitutes an appropriate
tool for making decisions aimed at increasing the yield and quality of timber; exposing that
automation constitutes an excellent tool for data management and decision making in

sawmills.

Gréfico de Control 3 |

Gréfico de la Media:
Les | 2.2 Media 2.49 e 246 |

2324 25 2 27 28 20 30 31 32 33 34 35 36 37 3B 39 40 41 42 43 44 45

K1} | ]

- Gréfico del Rango: _ = _
Les | a2 Rango 0.06 LCI 0.00

W

4 -
425230 29&3132333‘353373839404102‘3“45

»
R = |

Resultados l Cerrar |

Fig. 2. - Graphic display of the sawing variation for pieces of 3 m length

https://cfores.upr.edu.cu/index.php/cfores/article/view/805
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Fig. 3. - Graphic display of the sawing variation for pieces of 4 m length

CONCLUSIONS

The contributions of the predictor variables in sawnwood yields indicate that the diameter

at 1.30 m is the most significant factor,

Based on the elasticity analysis, the diameter at 1.30 m can be defined as the predictor

variable with the greatest positive influence on the increase in sawnwood yields.

The use of the Control program to determine the optimal dimensions of sawnwood, as well
as the construction of control charts, constitutes an appropriate tool for making decisions

aimed at increasing the yield and quality of sawnwood.

https://cfores.upr.edu.cu/index.php/cfores/article/view/805
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