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REGRESSION MODELS FOR ESTIMATING THE SOLID WOOD
CONTENT OF ROUNDWOOD LOTS

1. Introduction

A general presentation of the problem of the
commensurability of the solid wood content of
roundwood lots has been given earlier (PALO
1969, Section 4132). It was noted that conver-
sion of the individual roundwood lots into the
final, commensurate quantities expressed in
cubic metres solid measure, as entered into
roundwood removal and consumption statistics,
carried a considerable risk of error. The size of
this error varies according to roundwood assort-
ment groups and removal districts. The practical
conversion traditionally had two phases: (1) the
conversion factor was looked up manually from
a table for the specific roundwood assortment;

(2) the roundwood content indicated by the re-
levant commercial measurement units was mul-
tiplied by the conversion factor on a table cal-
culator. In the experimental statistics of 1962
on the removal of roundwood for sale (PALO
1964), phase (2) was fed into a computer. Even
then, the conversion required considerable hu-
man work input. Because of the risk of error
contained in the conversion factors, it was
decided when planning the 1967 annual statis-
tics on roundwood removal for sale to check
the most important groups of conversion factors
and, if possible, also feed phase (1) into a

computer,

2. Coniferous saw logs

The conversion factors for
coniferous saw logs usedinthe wood
consumption studies and in the experiments
with statistics on roundwood removal for sale
were based on studies dating back to the 1920s
(SAARI et al. 1929). They could be checked
after the completion of a recent study of the
top form factor for, coniferous saw logs (ARO &
RIKKONEN 1966). Pine and spruce logs in
south Finland and spruce saw logs in north
Finland -were included in this study. Fig. 1
shows the model of the calculation system for
the new conversion factors for these coniferous
saw logs.
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The initial state after measurement is shown
on the left. A; indicates the volume in cubic
feet. The diameter is measured in the following
ways: A, at the top; A3 by using a half-inch de-
clining classification; Ag in random direction;
and A; with bark excluded. A, shows length
in full feet, with an average allowance of 5.0
inches (ARO & RIKKONEN, 1966, p 7). The
arrows indicate the conversion of the initial
state, either directly or via an intermediate
state, into the final state seen on the right.



A : \' L
(Initial State) (Intermediate State) (Final State)
1 volume in cu. ft. > 10 solid
measure
diameter at top diameter at diameter at middle,

: of log 5 middle of log > by bucks
diameter in de- .

3 clining classi- N dlamet.er to nearest
fication full o

4 length excluding \ length including
allowance 7 allowance
inclusion of sys- exclusion of sys-

5 tematic error due — | tematic error due
to use of average to use of average
log log

6 diameterin | _ _ _ _ _ _ _ _ _ _ _ _ 3 diameter in
random direction random direction

7 volume excluding | _ 3 volume excluding
bark bark

Fig. 1. Model of the calculation system of conversion factors for pine and spruce saw logs in south Fin-

land and spruce saw logs in north Finland.

In process A;j—L; cubic feet are converted
into cubic metres solid measure by multiplying
by 0.028315, the ratio of these measurement
units (Tapion Taskukirja 1965, p. 427).
Processes Ay—V,, A3—Lj; and Ay—L, have
already been combined into a single conversion
factor (ARO & RIKKONEN 1966, pp. 7, 60, 65
and 67). Process V,—L, was carried out with
values obtained by graphical adjustment from
Table 19 in ARO & RIKKONEN (p. 47). A more
detailed review is necessary before process Ag—
Lg can be understood.

The conversion factor and top form factor
tables for coniferous saw logs can, in principle,
be used in two ways: (1) the technical volume
in cubic feet of the lot is converted into solid
measure by diameter and length classes; (2) this
distribution is not known, and the conversion
factor is chosen on the basis of the length and
volume of the average log in the lot. In national
removal statistics, method (2) must be applied.
This leads, however, to a systematic under-

estimation of the conversion factor. For top
form factors, this problem was discussed by
ARO & RIKKONEN (1966, pp. 40—41). Accord-
ing to their experiments, the systematic error
ranged from —0.5 to —1.5 per cent.

The cause of the error can be traced by
simple simulation trials. While the mean volume
and mean length of the imaginary lot of logs
was kept constant, the range and form of the
diameter and length distributions were varied.
On the basis of the experiments it was found
that, as the range of the diameter distribution
of the logs increased, the systematic error grew.
The phenomenon can be interpreted if the
conversion factor is considered as a func-
tion of length and diameter. Dependence on
length is approximately linear and on diameter
markedly non-linear. The systematic error
arising from the use of the average logs is there-
fore due to the fact that the dependence of the
conversion factor on log diameter is not linear
as it is for length.



In order to correct this systematic.error, the
mean diameter distributions of the volumes of
the three groups of saw logs were estimated
separately. This was done weighting the small-
scale sawmill nraterial assembled by HUTTUNEN
(1969) with the saw log quantitfes used in 1966
by the sawmills not included in the industrial
statistics; the “practical” material on “large-sca-
le”” sawmills (ARO & RIKKONEN 1966 p. 21)
was weighted with the quantities entered in the
1966 industrial statistics. The final mean cor-
rection coefficients obtained were: pine saw
logs, south Finland, 1.030; spruce saw logs,

south Finland, 1.041; and spruce saw logs,’

north Finland, 1.017. These coefficients, as
would be expected, exceeded those obtained
by ARO & RIKKONEN, since their “practical”
material contained no sawmills with an output

of under 3 000 stds (1966, p. 19).

The level of the new conversion factors
calculated by the author for saw logs is in the
largest diameter classes slightly higher and
elsewhere the same or slightly lower than that
of the conversion factors used previously. The
correction factor for the systematic error caused
by the use of the average log had not been
applied before. This usage raised the level of
the conversion factors. On the other hand, this
rise was compensated by the introduction of
the new top form factors, which reduced the
level of the conversion factors in the most
common diameter classes (ARO & RIKKONEN
1966, p. 37).

The accuracy of the new conversion factors
is difficult to quantify. All phases of the calcu-
lation-system model in Fig. 1, apart from
process A;—L;, produce a potential error in
the final conversion factors. The inaccuracy
contained in the top form factors (process
A,—V,) has been commented on in PALO,
1969, pp. 59—60.

The computer could be used in two ways
in the search for conversion factors: (1) by
programming the tables as they are into the
computer’s memory, or (2) by estimating the
best possible regression equations for determin-
ing the variation in the conversion figures,
and to program these equations. Alternative
(2) was finally selected, since its application
required less programming and less computer-
memory capacity, while it also made possible
the interpolation and extrapolation of the con-
version factors. The initial situation for the
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estimation of the regression equations was the
following: (1) the dependent variable was the
conversion factor calculated by the method
shown in Fig. 1, which converts the technical
cubic feet of the relevant saw log assortment
into cubic metres; (2) there were two original
independent variables: the mean length and
volume of the lot of logs.

The method of estimation chosen was selec-
tive linear regression analysis. From a prelimi-
nary graphical review, it was known that the
dependent variable (conversion factor) was as
a function of the log length approximately
linear, but as a function of the volume non-
linear. It also became evident that the in-
dependent variables interacted with the conver-
sion factor. Suitable transformations of the vari-
ables had to be found before it was possible to
estimate effectively with the linear regression
model. The aim was maximization of the degree
of determination, and minimization of the
systematic errors of determination.

An analysis of the structure of conversion
factors offered a fruitful basis for hypotheses
of apparently serviceable transformations. The
top form factors used in process A,—V, of
Fig. 1 refer to the ratio between avolume based
on the centre diameter of a log and one based
on the top diameter. Once the length (1) and
volume (v) of the log were known, the corre-
sponding diameter could be obtained from
them, d = 2Vv/(m 1). The paraboloid, cone and
neiloid are the mathematical bodies most closely
approaching the shape of a tree trunk. Since a
log is part of a tree trunk, efforts were made to
derive the formulas of a truncated paraboloid,
cone and neiloid by making certain generaliza-
tions concerning the tapering of trees and
disregarding the values of the coefficients. When
the formulas obtained were compared, accord-
ing to the structure of top form factors, with
the corresponding formula for a cylinder, the
following hypothetical transformations were ob-
tained for the independent variables: truncated
paraboloid 12/v, truncated cone V13 /v and trun-
cated neiloid J1T* Jv.

The mathematical solution of processes
A;—Lj and Aj—L, in Fig. 1 gave the following
hypothetical = transformations: 1/1, 1/v, Ifv,
Vv, and l/\/—l;. From process V,—L,, the
linear dependence of the conversion factor
under estimation on the diameter of the lo

v vﬁ

could be inferred. The transformations



and v/l were chosen to indicate the diameter
class.

On the basis of the method by which the
conversion factors had been calculated, a
number of hypothetical transformations of the
independent variation were found. Since the
different degrees of the same basic transforma-
tion can always be assumed to have a determi-
nation potential, 30 transformations derived on

the basis of the above hypotheses and the two
original independent variables were selected
for the final selective regression analysis. The
calculation was carried out by computer, using
the library program of the selective linear
regression analysis (VALIAHO 1964). The
results were the following conversion equations
for the various saw log assortments:

(1) ¥1=3.16 + 1.39 /v — 0.0349(1/v)? + 0.2021 — 5.40/v + 0.00223 */v — 0.244V T jy—

0.225 (I’/v)* 107°

(2)  ¥2=5.05—1.96/v — 1.45V I/v + 0.498(V I/v) % 0.0890(1/v)* — 0.388(1% /v)? 107

(3) y3=18.4+0.04561— 0.455(1v)° 107" — 6.50(V v/1)* — 12.0V I}y + 2.13(V IIv )? —

0.431(1/v)*

(4)  y4= 0.04331—0.149(lv)* 1077 + 5.59/v° + 14.5V v/l — 4.37(V v/1)® + 2.19 I}y —

0.142(1/v)* — 9.31

Estimated conversation factor, per cent:

¥1 = for spruce saw logs, south Finland
y2 = for pine saw logs, south Finland
y3= for spruce saw logs, north Finland
y4= for pine saw logs, north Finland

1 = mean length of the logs in ft.

v = mean volume of the logs cu.ft.

The following characteristics to describe

the accuracy of equations (1) — (4) were

estimated:

Equation R2 s 100s/¥;

1 99.8  0.0172  0.41

Y2 99.9 0.0112 0.27

Y3 99.8 0.0158 0.35

Va 99.8 00173 041

R2 = degree of determination

s = standard deviation of determination
errors

§; = mean value of y;

The following are the usual assumptions
concerning errors of determination in the esti-
mation of regression models: (1) their mean
value equals zero, (2) their' distribution is nor-
mal, (3) their distribution is random, and (4)
the variance is constant in the whole range of
variation (e.g. DRAPER & SMITH 1967, p. 86).
It could be shown by calculation that assump-
tions (1) and (2) had apparently not been
invalidated. The assumption of normality was
tested by the chi-square test. The validity of
assumptions (3) and (4) was reviewed graphical-
ly.

The regression coefficients were tested by
the t test. The coefficient of the variable
1/’ of model (4) differed from zero at a risk
of 1.5 per cent. For all the other coefficients
the corresponding risk percentage was less than
0.1 per cent.

The conversion function for pine saw logs of
north Finland was presented in model (4).
The material used consisted of the tables
applied in the wood consumption studies of
the Forest Research Institute, and the correc-
tion presupposed by process As — Lg in Fig, 1
was made by using the coefficient 1.0325.
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3. Birch veneer logs

The conversion factors earlier
used for birch veneer logs were worked
out in 1955—56. They could be renewed after
fresh study results were available (NISULA
1967a). Birch veneer logs have usually been
measured in Finland in English cubic feet
(cu.ft.) (Fig. 2, A), taking the diameter at the
middle of the log, including bark, in the
thinnest direction, using the declining 0.5 in.

A
(Initial state)
1 volume in cu.ft. b—
2 diameter in thinnest
. . E———— ]
direction
3 diameter of middle ‘ ;
of log
4 diameter including ;
bark
5 diameter in declining ;
classification
[ length excluding
>
allowance

Fig. 2.

In process A; — L; in Fig, 2, the volume in
cu.ft. of A, is converted into cu.m solid meas-
ure by multiplying by 0.028315 (see p. 3). In
process A, —L,, the systematic error arising
from the measurement of the thinnest diameter
is corrected by the coefficient 1.046. In process
Aj3—Lj, thevolume based on the diameter of the
middle of the log is converted into a volume
measured for four—foot bucks using the coeffi-
cient 1.020. From the volume including bark,
the volume excluding bark is obtained by
coefficient 0.867 in process A4 — Ly (NISULA
1967a, pp. 26—28, 34). The systematic error
arising from the diameter measured with the
half-inch declining classification in process Ag—
Lg is corrected with the correction coefficient
(k,) obtained from the following formula:
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classification. No allowance was included in
the length on which calculation of
volume was based. The present work aimed it
compiling a system of calculation by which
conversion factors could be estimated to
convert, with maximum accuracy, the volumes
in cu.ft. of birch veneer logs into true cubic
metres solid measure, excluding bark. A model
of this calculation system is shown in Fig. 2.

L
(Final state)

cu.m solid measure

diameter in random
direction

diameter of middle,
by bucks

diameter excluding
bark

diameter to nearest

full unit

length including
allowance

Model of calculation system for conversion factors of birch veneer logs.

(5) = [(d+0.25)/d]?

ky = correction coefficient
d = log diameter in inches

The length of the mean allowance of veneer
logs in NISULA’s (1967a, p. 35) material was

5.8 in. (= 0.48 ft.). In process Ag — Lg the
volume excluding allowance is converted into
volume including allowance by using the formula:
6) ky= (1+0.48)/1

k; = correction coefficient
1 = length of login feet

When all the processes in Fig. 2 were com-
bined, the following equation was obtained



for estimation of the conversion factor for
veneer logs:

(7) 'y = [0.0262(1+0.48)(d+0.25)2]/1d 2

y = conversion factor of veneer
logs to be estimated
diameter of log in inches
length of log in feet

d
1

On the other hand, d can be expressed as the
function of the knoun variables 1 and v (log
volume):

8) d = 13.54Vy/1

d = diameter of log in inches
v = volume of log in cubic feet
1 = length of log in feet

When the value d of equation (8) is inserted
in equation (7), the estimator of the conversion
factor of birch veneer logs obtained is:

(9) 'y = 0.0262+0.0126/1+0.89310>(1/v)
+0.00967V 1/v + 0.000464/N Iv

estimated conversion factor for
birch veneer logs
1 = length of log in feet

v = volume of log in cubic feet

y

[}

In this way, a conversion function (9) for
birch veneer logs was derived completely theo-
retically, thus having a one hundred per cent de-
gree of determination. The form of this model
is reminiscent of the regression models estimated
for coniferous saw logs by the linear regression
analysis above. The conversion factors calcula-
ted using model (9) are 5-7 per cent higher
than those used previously. The range of the
new conversion factors is 0.0283—0.0293, of
the old 0.026—0.027, and of the conversion
factors calculated by ARO (1965, p. 261),
0.028—0.029. The conversion factors calculated
by ARO covered seven log length and diam-
eter classes. He based his calculations on the
studies by PONTYNEN (1933) and PUTKISTO
(1947).

4. Birch saw logs

Theconversion factors previously
used by the Forest Research Institutefor
birch saw logs were based on investiga-
tions by PONTYNEN (1933). The conversion
factor table calculated for birch saw logs by
ARO (1965, p. 261) was based on a combina-
tion of the results obtained by PONTYNEN
(1933) and PUTKISTO (1947). In the present
study, a regression equation was estimated on
the basis of ARO’s conversion-figure material:

(10) y = 7.00+373/1°+0.05971* /v — 0.342-
1074 (1% fv)—3.45V1v—2.73(/5T1) ®
+5.73/v%

y = estimated conversion factor
for birch saw logs in per cent

1 = length of log in feet

v = volume of log in cubic feet

The degree of determination (R2) of the
equation was 99.1 per cent, the standard
deviation of the estimated variable 0.396, and.
the variation coefficient 1.22 per cent. The
chi-square test did not suggest that the errors
of determination in the model did not have a
normal distribution. The random character of
the errors of determination, on graphical inspec-
tion, was good. The main cause of the low
degree of determination compared with that
for coniferous saw logs was that the initial
material for the estimation had an accuracy
of only two significant digits. It was decided
to re-check the conversion factors for birch
saw logs on the basis of newer initial material’
(NISULA 1967a).

The initial state for the conversion of birch
saw logs was the following: the diameter was
measured at the top of the log, including bark,
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in random direction, using the half-inch de-
clining classification; the volume in cubic feet
was measured without allowance. In practice,
the model of the calculation system of the
conversion factors of birch saw logs differed
from the model in Fig. 2 as follows: instead of
the correction of the diameter measured in the
thinnest direction, the top diameter converted
into the diameter at the middle was inserted
in process Ay—L,; and the mean aJlowance of
birch saw logs was 5.4 inches or 0.45 feet
(NISULA 1967, p. 35, and ARO & RIKKONEN
1966, p 7). Without this multiplication by the
top form factors, the following conversion
equation could be derived theoretically for
birch saw logs:

(11) yp = 0.0250+0.00831/1+0.851~j\/_o_ll/v)
+0.000923V 1/v+0.000416/V Iv

y1 = estimated conversion factor
for birch saw logs before
multiplication by top form

factor
1 = length of log in feet
v = volume of log in cubic feet

The top form factor material required for
the estimation of the conversion factors for
birch saw logs was obtained from the original
nomogram presented by NISULA (19672, p. 46)
as a function of log length (1) and the log
volume/length ratio (v/l). From this material
the following equation for the top form factors
of birch saw logs was estimated by means of
selective linear regression analysis:

(12)y, = 0.898 + 0.000648(1/v)> —0.000386
(13/v) + 0.0173V13/v + 0.799 - 107
)

¥2 = top form factor of birch saw logs

1

v

I

length of log in feet
volume of log in cubic feet

R2 = 99.4 = degree of determination

s = 0.00315 = standard deviation of determi-
nation errors

100 /3, = 0.026

y = mean value of y,

The analysis of errors of determination
suggested that apparently none of the four
conditions made for the determination errors
of regression analysis had been invalidated.
In the t test, all the regression coefficients
differed from zero by a maximum risk of 0.1
per cent.

The final model for estimating the conversion
factors of birch saw logs was obtained by
multiplying equations (11) and (12):

(13) y = 0.022440.00746/1+0.000128 (1 /v)
—0.958+107° (1* /v) + 0.200-107°
(1* /v)+0.0000162(1/v)® +0.000973
/v —0.356°107° (1> /v)\/1/v + 0.737
107 (1* M)V 1w +0.000432V P /v

y = conversion factor of birch saw
logs (diameter at the top,
including bark)

= length of log in feet
v = volume of log in cubic feet

In conclusion, it may be said that
there were two interesting theoretical phases in
developing the conversion functions for logs.
First, the nesessary transformations of the
independent variables could. be, in the main,
derived on the basis of the structure of the
conversion factors studied. Sec ond, conver-
sion functions (9) and, (11)- were derived for
veneer logs and birch saw logs by a completely
theoretical route, and their shape corroborated
the choice of linear regression analysis for the
model type used in'the other cases.

5, Pulpwood

Theconversion factors previously
used by the Forest Research Institute for
coniferous pulpwood were mainly
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based on the publication of SAARI et al. 1939.
The material for the pile density studies on
which the publication was based had been



collected only from south Finland (ARO 1958,
p. 7). Pulpwood conversion factors are obtained
by multiplying the pile density by the percentage
of the corresponding wood volume excluding
bark. The present aim was to convert the
quantities expressed in cu.m piled measure,
variously barked and of different lengths,into
cum solid measure excluding bark. The pile
densities of coniferous pulpwood in south Fin-
land could be checked with the aid of two
more recents studies (HEMMI 1966 and RIK-
KONEN 1968) for log lengths of 1.8-2.3
metres. For these lengths, they confirmed
the earlier results from the 1920s and 1930s.
The percentage of the wood excluding bark in
the pine pulpwood of south Finland was calcu-
lated as the unweighted mean value from three
studies (ARO 1965, HAKKILA 1967, RIKKO-
NEN 1968), and the percentage of barking
waste was calculated from RIKKONEN’s (1968)
material. With a selective linear regression
analysis, the following equation was estimated
for the conversion factor of the pine pulp-
wood in south Finland:

(14) y=0.174—0.0461V 1> + 0.00687 k

y = conversion factor of pine
pulpwood in south Finland
1 = length of bolt in decimetres
= degree of barking: including
bark = 88; partly barked = 98

The percentages of wood excluding bark and
of barking waste in thespruce pulpwood
of south Finland were determined as
for pine pulpwood above. Besides the pile-
density studies mentioned, the results published
by ARO (1959) concerning spruce pulpwood
were available. The old and the new pile den-
sities showed good agreement for the 4-metre
long bolts, while the pile density of the 2-m
bolts seemed to have diminished. Regression
equations were calculated for the conversion
factors:

(15) y=0.705 — 0.0160V 1

y = conversion factor for spruce
pulpwood including bark in
south Finland

1 = length of bolt in decimetres

(16) y=0.795—0.0184V1

y = conversion factor for partly
barked spruce pulpwood in
south Finland

1 = length of bolt in decimetres

The percentage of wood excluding bark in
the coniferous pulpwood in north Finland was
estimated on the basis of three sources (ARO
1965, PERTOVAARA 1960 and 1964) and the
percentage of barking waste from PERTOVAA-
RA (1960). Results of studies of pile densities
were available for pine-pulpwood lengths of
2.0—4.8 metres (ARO 1958 and 1959; HEMMI
1965, 1966 and 1967; MAKKONEN 1958;
PERTOVAARA 1958, 1960 and 1964). A
regression equation was estimated for conver-
sion factorsof pine pulpwood:

(17) y = 0.0534 —0.0016514+0.00696k

y = conversion factor for pine
pulpwood in north Finland
length of bolt in decimetres
degree of barking: including
bark = 85; partly barked = 98

1
k

[}

The pile-densities of spruce pulp-
wood in north Finland could be
calculated for the lengths of 2.0—4.5 metres
from the above sources on pile density of pine
pulpwood (excluding MAKKONEN). The fol-
lowing regression equation was calculated for
the conversion factor of spruce pulpwood:

(18) y = 0.0643—0.001961+0.00698 k

y = conversion factor for spruce
pulpwood in north Finland
length of bolt in decimetres

1
k

degree of barking: including
bark = 84; partly barked = 98

The percentage of wood excluding bark
inbirch pulpwood was calculated from
the following sources: ARO (1965); HAKKILA
(1967); ARO et al. (1958); and HEISKANEN
& KOIVULEHTO (1964). The barking loss was
estimated from the last two studies. The calcu-
lation of the pile density of birch pulpwood was
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based, as far as the length 2.0—2.4 metres was
concerned, on the papers of HEISKANEN &
KOIVULEHTO (1964), MAKKONEN (1958,
1960 and 1965) and NISULA (1967b), and
for the length 4.4 metres on the paper of
HEISKANEN & KOIVULEHTO (1964). The
following three equations were estimated for
the conversion factors of birch pulpwood:

0.717 —0.003411
0.625-0.00300 1
0.595-0.00282 1

19) y
(20) y
(21) y

y = conversion factor for birch
pulpwood:
(19) whole country, partly
barked
(20) south Finland, including
bark
(21) north Finland, including
bark
1 = length of bolt in decimetres

It may be concluded from the
above functions for pulpwood conversion that
the risk of error in the empirical material on
which they are based seems biggest in two
respects. First, results of pile-density studies
concerning logs longer than 4 metres are few,
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and hence it is difficult to obtain an accurate
idea on the form of the function. Second,
the percentages of wood excluding bark, calcu-
lated from the volumes of both unbarked and
partly barked wood, vary considerably from
one study to another, especially for coniferous
wood. Primarily for these reasons the conversion
functions for pulpwood must be looked upon
as approximations, which should be checked as
soon as new fundamental study results are
available.

Conversion of the commercial measurement
units of roundwood into commensurate units
has attracted little “attention up to now in
published forest statistics and in the studies
based on them, although in many cases the risk
of error arising from the use of obsolete con-
version factors has been evident, even in the
interpretation of the final results. In recent
years, the technology of roundwood harvesting
has undergone rapid changes in Finland. For
this reason, the study results on which conversion
factors are based should be checked more often
than they have been up to now, and, as far as
possible, forecast models concerning future
changes should be built. When this kind of
fundamental research is planned, the informa-
tion required to check the conversion functions
of the present study should be taken into
consideration, in order that they may later be
up-dated in the best possible way.
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