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This study deals with the evaluation of logging machines. The analyses were based
on the results of a productivity study with special reference to a PIKA 35 processor,
a delimber-bucker, working in Kyroskoski forest area in Finland. The factors
affecting the productivity of the machine were surveyed. The mathematical models
for determining the productivity were developed and their practical application to
the particular problem under study was demonstrated.
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1. Introduction

of logging

Productivity is a very important indicator
for evaluating the logging systems. With the
introduction and development of new, or with
the modification or change on current logging
machines or systems, there is a need to evalu-
ate their productivities under the variable
working conditions in the forests. This paper
is to present a method of evaluating the pro-
ductivity of a delimber-bucker, based on the
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results of a productivity study with special
reference to a PIKA 35 processor, and its
emphasis is on the establishment of
mathematical models.

Productivity usually means the ratio be-
tween the output as a result of an activity and
the corresponding input of productive forces,
or briefly a ratio of output to input. The
definition has been given by many authors
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(Makela 1969, NSR 1978, Haarlaa 1981,
Simula 1983). The productivity may be given
in quantity per unit input, such as volume per
working hour (m?/h),volume per power hour
(m*kWh) etc. The productivity of a logging
machine or system is usually expressed in m®/
h. However, the working conditions in the
forests are extremely variable. Such a calcu-
lated productivity must be modified by
machine availability, reliability, or efficiency
of the whole logging operations to approxi-
mate actual operating conditions. Similar for-
mulae for calculating the productivity in m?/
h were given by McCraw & Silversides
(1970), FAO (1977), Aird et al. (1971):

P = 3600-V/T (1)
where P = productivity in m*/h

V = volume per tree in m®

T = total cycle time per tree in sec

The machine availability and utilization
have been defined in Forest Work Study
Nomenclature (NSR 1978):

2. Materials

2.1 PIKA 35 processor

The PIKA 35 processor was mounted on a
forest tractor which was a Valmet 882 with
an engine power of 74 kW (100 hp). On the
base tractor was installed a FISKARS F60v
crane with a 2-extension telescopic boom
which gives the loader an outreach of 9.1
meters, for assistance of loading trees. The
PIKA 35 processor consists of two main
units: base unit and processor. The processor
unit is mounted on bearings on top of the
base unit.

The manufacturer’s specifications are pre-
sented in Fig. 1.

2.2 Data procurement and analysis

At the beginning of the field testing, a pilot
study was done for four days. This enabled
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MA = Et/(Et+BWrep+DLm) (2)

MU = Et/(Et+BWrep+DLn) (3)
where MA = machine availability (%)

MU = machine utilization (%)

Et gross effective time
BWrep = repair time

DLm machine delay time
DLn = unavoidable delay time

These formulae and definitions lead to the
necessity of studies of the affecting factors on
the productivity and the establishment of
their quantitative relations with the produc-
tivity.

A preliminary test of the production of the
PIKA 35 processor has been conducted both
in Finland by Metsateho (1982) and in Nor-
way by Norwegian Forest Research Institute
(Krogstad 1984). The objectives of this study
were to determine the effect of some impor-
tant factors on the productivity of delimbing-
bucking machines, and to develop the
mathematical methods for determining the
productivities for the processors under the
varying production conditions.

and methods

the observer to define the time elements prop-
erly, to make a detailed recording plan for
following days’ tests, so that the desired data
were collected.

During the time studies two observation
sheets were employed: one for total working
time in which the time elements of total time
and the testing circumstance information
were recorded; one for working place time in
which the time elements of work cycles and
the stand factors were included. About the
concepts on work studies refer to Forest Work
Study Nomenclature (NSR, 1978). To avoid
confusions in concept we refer the total ele-
ment time to the element time in total work-
ing time and the cycle element time to the
element time in the total cycle time in the
following sections.
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PIKA 35 THINNING PROCESSOR

TECHNICAL SPECIFICATION
Turning Base Unit

Weight . o vc sie s o5 56 5 o 2 e s 1.050 kg
Length ..................... 1.40 m
Width « .« oo nimeinm i sigasoon 1.00 m
Height ....... ... ... ...... 1.55 m

Hydraulic power requirement:

Open two-pressure hydraulic

system Including free flow

— outputapprox. ............. 190 1/min
— Ppressuremax. ............. 210 bar

Automatic wood handling

Electricsystem ............... 240r 12V
Valves c..vioensvsnsisonmess PIKA 27
Choice of lengths .. ........... 10
Delimbingdia. ............... 35 cm
Basal dia. max. approx. ........ 45 cm
Delimbing speed .. .. .......... 3 m/s
Feedingpower ............... 20 kN
Crosscutting time . . ........... 1..2s
Chainsaw .................. 3/8”

Delimbing knives: one fixed,
two movable
Feeding: Ribbed rollers of steel

Turning of processor . .. ........ 270°
Tilting of processor . .. ......... +15°...—30°
Turning of base unit . .......... 80°

Fig. 1. Specification of PIKA 35 processor.

2.2.1 Stand factors

The following stand factors that were ex-
pected to have significant effects on the work
of the processor were measured.

The diameter at breast height (DBH) was
estimated ocularly and followed by a certain
frequently checking with a caliper. A diame-
ter class with a 2 cm difference from 7 to 45
cm in DBH was used. The branchiness was
recorded by two columns simultaneously: one
for the ratio of the length covered by branches
to the total merchantable tree length, one for
the thickness of the branches. The results of
these recordings were classified afterwards in
five classes according to the regulation given
in ”Metsa- ja uittoalan...” (1984—1986).
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Only three species were processed during the
test: pine, spruce, and birch.

In addition to above mentioned stand fac-
tors, several other stand factors, which were
considered to have influences on the testing,
e.g. density of stand (trees per hectare), cut-
ting density or degree of cutting (trees cut per
hectare), etc., were observed.

2.2.2 Testing circumstances

The testing was done in Kyroskoski, Kyro
OY’s logging area from Nov. 27 to Dec. 15 in
1984. The testing circumstances are listed in
Table 1.
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Table 1. Testing Circumstances.

Selective Cutting Clear Cutting
Total trees tested 468 330
Species (p/s/b)* 86/375/7 7/323/0

; 414 trs. harvested/ha

Density of stand 130 trs. remained/ha 756 trs/ha
Terrain classification I I
DBH (cm) 21.1 22.7
Branchiness 21 2.3
Manual felling parallel parallel
Operator’s experience Same operator in both cuttings, experience about 3 months
Working methods one-way and two-way method were used in both cuttings

* p = pine, s = spruce, b = birch

The density of stand, the composition of
species and the terrain classification were
obtained from the inventory documents of
Kyro OY and supplemented by the observer
during the field testing. The branchiness and
DBH were the average results of all the obser-
vations.

2.2.3 Time studies

The total working time was measured by
means of an electronic wrist watch with nor-
mal clock chronograph, graduated into sec-
onds, minutes, and hours. The measurement
of cycle element times was based on stop-
watch studies. Three similar stop-watches
were mounted on a so-called study board, the
stop-watches were fly-back second type.

The total working time was broken down
into gross effective time, repair time, moving
time, change-over time and meal time. The
change-over time and meal time were sup-
posed to be fixed time in duration for each
day, since they were daily routines, and taken
as constant time daily from the average re-
sults of the testing, rounded to the nearest
upper quarter of an hour. The moving time
and repair time were supposed to be directly
proportional to the effective time. The gross
effective time was broken down into its ele-
ments which were selected for the conveni-
ence of observation and timing. The elements
were determined beforehand (Heidersdorf
1974) and checked during the pilot studies
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and redefined for the later practical record-
ing. The total work cycle included following
elements:

Loading — Begins when the boom starts to swing out
to reach a new tree and ends when the tree has been
placed in the holding position of the processor.

Processing — Begins when the tree is placed in the
holding position of the processor and ends when the top
of the processed tree has been cleared.

Travelling — Begins when the last tree is processed
and the tractor starts moving and ends when the tractor
stops moving, and the crane boom starts to swing out.

Delay — Delays are treated in different ways depend-
ing on their duration:

0...5 sec, are included in the element during which
they occur.

5 sec...15 min, are recorded as "Delays”.

>15 min, are not included as part of effective time.

The delay time was further broken down
into its subelements such as machine delay,
work delay, personal delay and other delay.
The determination of the processing time was
by regression analysis (Draper & Smith
1966). The step-wise regression analysis was
used for the purpose of selecting the “best”
regression equation to predict the processing
time (dependent variable) by the predictors
(independent variables). All the regression
analyses in this paper were performed by
BMDP programme (Dixon et al. 1983) on
Burroughs B7800 computer system.

Jimin Tan

3. The mathematical models on productivity

The following productivities are always
given in m*’EMH, where EMH means gross
effective machine hour.

3.1 Output per EMH as a function of DBH

The reasons why the DBH was chosen as
the only independent variable of the produc-
tion function are:

(1) The DBH is one of the most important determin-
ants of the tree volume and the forest stand. The particu-
lar importances of DBH in forest inventory were stated
by Loetsch et al (1973) and Avery (1975).

(2) The total cycle time varies depending much on
DBH, i.e. the DBH is the main affecting factor on the
total cycle time.

(3) The use of the single variable (DBH) in the
productivity function simplifies the further analysis and
the procurement of the firsthand materials.

A general mathematical model for the pro-
ductivity function is shown in equation 4,
which can be obtained by regression analysis,
based on the P values by formula 1.

P(D) = X C, D™
i=0

Co'D"+C D"+ Cy- D" 2+ -
+Cpn-D+C, (4)

where C; = coefficients of regression analysis,
i=0,1,2,..., m.
D = DBH, cm.
m = the highest order of the regression polyno-
mial, m = 0.

Generally speaking, the m in the equation
would be less than five and should be as low
as possible for simplifying the analyses if it
does not affect the accuracy of the result.
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3.2 Maximum output per EMH

Although the productivity in equation 4 is
formally expressed as a function of DBH, it is
a production function — since it is derived
from formula 1, in which V (volume per tree)
and T (total cycle time per tree) express the
relationship between input and output indi-
rectly. The conformation of the production
function in the present study with the law of
diminishing returns (Gregory 1972, Duerr
1960) is demonstrated in Fig. 5. Thus, the
maximum production point exists and can be
attained by taking the first derivative of the
equation 4 with respect to D, setting it equal
to zero, and solving for the desired D value.
Hence:

dP(D)
dD

_d_ < . m-i
~dD [Eocl # ]

mg_(: G, (m—i)- D=0 (5)

To solve this algebraic equation, the num-
erical iteration method can be used. In the
present study, the so-called ”Bairstow-New-
ton Iteration Method” (Kreyszig 1983) was
employed and performed by Fortran-IV pro-
gramme on the B7800 computer system.

The number of solutions of the equation 5
are (m—i—l) expressed as D,, Dy, ...,
Dy,—i-1, then the maximum productivity is:

Pmax(Dm) = Max {real[P(D,), P(D,), ...,
P(Dpi-1)]} (6)

where
”Max” and "real” = the largest value of the real solutions
rgf

Pmax = maximum output per EMH
Dm = DBH at which the maximum productivity occurs.

3.3 The expected productivities
To calculate the expected productivity, the

following formulae on the base of statistical
expectation were established:

21



Pe =2 F(D)) - P(D,) (7a)
j

Pe= [ F(D)-P(D)dD (7b)

where

Pe = expected output, m*’EMH.

F(Dj) or F(D) = frequency function or density

function of stem-diameter distribution.

P(D)) or P(D) = output per EMH as a function of DBH.
The function of P(D) has been defined by

equation 4. The derivation of F(D) is given
below.

3.3.1 Discrete stem-diameter distribution

The absolute stem-diameter frequency can
be obtained from the inventory documents
and the relative stem-diameter frequency is
thus arrived at as follows:
Fr(D;) = Fa (D,)/(N - w) (8)

where

Fr(D;) = relative stem-diameter frequency at diameter

class j.

Fa(D;) = absolute stem-diameter frequency at diameter
class j

N = total stem-diameter frequency.

w = diameter classwidth, cm.

The relative stem-diameter frequency
Fr(D;) can be used as the frequency function,
or in other words, the weights for expecting
the productivity.

3.3.2 Continuous stem-diameter distribution

The expected productivity can be attained
by either equation 7a as above introduced, or
equation 7b. As an alternative the formula-
tion of more flexible continuous mathemati-
cal models would be of great importance in
theoretical analyses and very useful for pre-
dicting the expected productivities.

The density function of continuous stem-
diameter distribution has been studied by
Loetsch et al (1973). It was stated that “dis-
tribution is made between three main types of

22

stem-diameter distributions: unimodal, de-
creasing and multimodal”.

For the multimodal it is difficult or even
impossible to establish a continuous
mathematical model. The discrete stem-
diameter distribution is preferred and avail-
able. The unimodal and descreasing stem-
diameter distributions can be expressed by
so-called beta-function.

The beta-function, which in slightly differ-
ent form is also called ”JEULER’s first inte-
gral”, is defined by

B(p.q) = /(D — a)?(b — D)dD ©)

a

where D = DBH as the variable under investigation.
a, b are lower and upper limits of the beta-
function
P, q are exponents of the beta-function.
B(p,q) = area under the distribution curve.

The sought density function of stem-
diameter distribution from beta-function is
obtained:

_ (D - a)P!b — D)9
F(D) B(p.g) (10)

It was stated by Loetsch et al. (1973) that
the surprising flexibility is due to the expo-
nents p and q which, — according to their
magnitude and relation to each other —, gen-
erate a great variety of distribution forms.

Based on F(D) in equation 10 and P(D) in
equation 4, we can develop equation 7b into
equation 11 as follows:

Pe = fF(D) - P(D)dD

b m
D=2 (b=D)? § . puigp
-I B(p,q) i=o
m-1 m—i-l .
=z 2 {a(™) b-a)-al
=0 j=o J
"o pH+l+m-i—j—k }
k=lp+tq+2+m-i—j—k

+.£ G- 2™t (11)

i=o

Equation 11 illustrates that the expected
productivity depends on the features of the
two functions F(D) and P(D) and is deter-
mined by the parameters m, C,, a, b, P 9,
where the m and C, were already defined by
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equation 4. There are four approaches to
derive a beta-distribution from an actual em-
pirically established distribution (refer to
Loetsch et al 1973) The fourth alternative,
i.e. the computation of beta-function by re-
gression analysis, is used in the present study.
The method has its merits if the beta-dis-
tribution is used for describing relations be-
tween variables (Zohrer 1969).
The equation 10 in logarithmic reads:

In(F(D)) = p In(D — a) + q In(b — D) — In(B(p,q))
and in terms of regression analysis:
y = b, + byx, + byx, 12)

where
y = In(F(D)), b, = — In(B(p,q)),
x; = In(D — a), b, = p,
x; = In(b = D), b, = q,

Since the frequency distribution of stem
diameter is given with k classes of classwidth
w, and class midpoints D, Dy, ..., Dy, ...,
Dy, a and b can be obtained from the follow-
ing formulae, provided N (the total number
of observations) is sufficiently large:

a=D;,—w/2,b=D; +w/2 (13)

3.4 Maximum expected productivity

Since the trees bigger than 35 cm at DBH
were bucked beforehand at butt end and their
sizes were reduced into the required diameter
classes for the machine (below 35 cm at lower
end), the coming question is whether this
maximum limitation of DBH was the best
with a view to maximizing the expected pro-
ductivity. The answer to this question would
be based on the facts from the present study.
The basic procedure is:

(1) Presuppose a diameter Dm at which
the expected output would be maximized.
Dividing the total diameter distributing
range into the following two parts:

(2) the first part is the expected output
below Dm, which can be attained by equa-
tion 7;
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(3) the second part is the expected output
at Dm. We assume that all those trees above
Dm in DBH were bucked beforehand and
reduced in DBH into Dm. It can be attained
by multiplying the productivity of equation 4
at Dm, which is P(Dm), by the total relative
frequency of stems over Dm, which is:

[inF (D) dD, or X F (D).

>Dm

Consequently, the maximum expected out-
put can be obtained by maximizing the fol-
lowing equations:

Pe (Dm) = X (D)) P (D) + P (Dm)

 F(D) (l4a)
D>Dm D>Dm

b

Pe (Dm) = Df" F(D) - P(D) dD+P(Dm) | F(D)dD  (14b)

By discrete stem-diameter distribution, the
values of Pe(Dm) can be calculated by equa-
tion 14a from the smallest diameter a to the
largest diameter b, then

Pemax = Max{Pe(Dm,), Pe(Dm,), .. .,
Pe(Dm,)} (15)

where Pe(Dm;) = the expected productivity at diameter
Dm;.
Pemax = the maximum expected productivity.

The maximization of the expected output
for the continuous stem-diameter distribution
in equation 14b can be attained by setting the
first derivative of the equation with respect to
Dm equal zero, i.e.

dPe Dm) _ 4 °F )
b = 3o { | F(D) - P(D) 4D + P(Dm)
i F (D) dD}
b
= F (Dm) - P(Dm)—(P(Dm) - F(Dm)+d‘;]()?n"‘) [ F(D)dD)
_ _dP(Dm)} s 6
bt = Dij(D)dD 0 (16)

b
Since [{" F (D) dD > 0, when Dm is not equal to b.

b

l}:ﬂ F (D) dD = 0, when Dm = b.
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This is one of the solutions of equation 16, at which
the Pe(Dm) = Pe (b) can be obtained either by
equation 14b or by formula 11, since the second
item on the right of equation 14b is equal to zero,
while the first item is equal to Pe(b), which is
conformed with formula 11.

However

dP (Dm) _ 0 whose solutions are conformed with
dDm

those by equation 6. They are D, D,, ...

D, i, then

Pemax = Max {real (Pe(b), Pe(D,), Pe(D,),
- Pe (Dpin))} (17)

4. Results and discussion

4.1 Time study

4.1.1 Gross effective time
Total time per merchantable tree

The distributions of total cycle times in
selective cutting and clear cutting are pres-
ented in Table 2.

The total cycle time in selective cutting (73
sec) was higher than that in clear cutting (68)
sec). The main contributing element time to
it was the travelling time. From Table 1, 746
and 414 trees per hectare were processed in
clear cutting and selective cutting respective-
ly. The different degree of cutting in these two
cutting areas caused the difference in travel-
ling times. The travelling time in selective
cutting (17 sec, accounted for 23 % of the
total cycle time) was much higher than that
in clear cutting (10 sec, accounted for 15 % of
the total cycle time). This was also an impor-
tant indication of that the density of the trees
per hectare and the travelling distances,
which were the affecting factors on the travel-
ling times, did affect the total cycle time.
Generally, the higher the density and thus the
shorter the travelling distances, the shorter
the travelling time. In addition, the terrain
conditions might have influenced the travel-
ling time. Although the terrain classification
in both cuttings were the same, the actual
working conditions were not. The terrain in
the selective cutting area was more difficult,
e.g. slightly slope over 15 % in the selective
cutting area might have slowed down the
travelling speed of the tractor, while there
was no sloe at all in the clear cutting site.
Furthermore, there might be some other un-
known factors that have a affected the travel-
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ling time, e.g. the organization of the work,
the travelling patterns etc. Those influencing
factors on the travelling time were not tested
due to the short period of studies. However,
they might have potential influences on the
travelling time and should be considered in
further studies.

The affecting factors on the loading times
might have been the felling pattern and the
tree characteristics. The influence of the tree
characteristics on the loading time was not
demonstrated in the present study. Since the
parallel felling was used in both cuttings, the
same average loading time for both cutting
patterns was very reasonable even though
some unknown factors might have influenced
the results.

The average processing time in clear cut-
ting (23 sec) was higher than that in selective
cutting (20 sec). This was mainly due to the
different stand factors in those two cutting
areas, e.g. the average DBH in selective cut-
ting (21 cm) was smaller than that (23 cm) in
clear cutting. The analysis of the affecting
factors on the processing time was detailed
and is presented in the next part of this
section and followed by the delay time
analysis.

Processing time

The processing time was analyzed under
two conditions: first under favourable condi-
tions, in which the unfavourable cases were
excluded; second, under actual conditions, in
which all cases were included. Two equations
for processing time under these two different
conditions were developed as shown in the
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Table 2. Summary of time per mechantable tree.

Time elements
[

Selective cutting

Time per tree, sec
Clear cutting

mean S.D. % mean S.D. %
Loading time 18 7.2 25 18 8.1 27
Processing time 20 16.3 28 23 21.4 34
Travelling time 17 38.2 23 10 19.9 15
Delay 18 63.2 24 17 57.6 24
Total cycle time 73 80.1 100 68 69.0 100

S.D. = standard deviation

following equations 18 and 19, which were
the equations at the last step of step-wise
regression analysis.

Tp = 1.45044 + 0.00032082(D% + 3.38184(NL)
+ [0.11482(B3) + 0.51679(B4) + 1.66918(B5)](D)
+ 0.67616(D)-(AB) + 0.21924(D)-(UFM)
+ [11.53935 + 2.0237-10”7 (D°)](UFH) (18)

R? = 0.8492, Res. MS = 52.71185.

Tpf = —0.11377 + 0.00022133(D*) + 0.07854(D)-(B)
+ 3.39301(NL) — 1.65195(PINE) (19)

R? = 0.8972, Res. MS = 7.729527.

where Tp = predicted processing time under actual
condition, sec.

Tpf = predictred processing time under
fafourable condition, sec.

D DBH, cm

NL number of logs per tree procesesed

B3, B4, B5 are dummy variables for bran-
chiness classes 3,4,5.

I

AB =1 if abnormal shaped tree occurs,
otherwise AB = 0.

UFH = 1 if crane loader helps feeding and
delimbing, otherwise UFH = 0.

UFM = 1 if the log is refeeded or redelimbed,
otherwise UFM = 0.

B = continuous variable for branchiness,

B=1,...,5.

The two equations illustrate that the pro-
cessing time can be predicted by the predic-
tors at least of DBH, branchiness, number of
logs per tree processed, and working condi-
tion factors since they were included in the
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equations as significant influencing variables.
From the results of the stepwise regression
analysis, we can also conclude that there was
no significant difference for predicting the
variation of the processing times between the
selective cutting and the clear cutting since
the cutting type (CT) variable was excluded
from both of the equations. The conclusion is
true because the variation of the processing
time to its predictors is not or very slightly
affected by the cutting types. The species
variable didn’t affect the processing time very
markedly under unfavourable conditions but
became significant variable under favourable
conditions as shown in equation 19 above, in
which birch was not included due to the
lacking of the observations (only 7 trees of
birch species were tested). The introduction
of the working condition variables reduced
the significant level of the species variables.
But they would have been included in the
model for the purpose of better prediction.
The significant influence of the number of
the logs per tree is certainly evident since the
frequency and hence the bucking time would
be increased, while the delimbing time keep-
ing constant, as the number of logs under
certain length of the tree increases. The dif-
ference of the influence between branchiness
class 1 and 2 was not apparent and excluded
from equation 18, but they are included in
equation 19 since the branchiness was consi-
dered as a continuous variable. As a matter of
fact, the influence of the branchiness is more
enhanced with the increase of the DBH which
was illustrated in those two equations. The
effects of the working variables were extreme-
ly strengthened at the large sized trees (they
varied with a rate directly proportional to

25



Table 3. Summary of delay times.

Dealy times, sec/tree

Causes Selective cutting Clear cutting Average
mean S.D B.D. P.C. mean S.D P.D. PC. mean S.D P.D. P.C.
Machine 5.7 51.3 320 7.8 5.1 315 309 749 5.5 442 31.6 77
Work 86 194 487 118 5.7 149 34.1 8.3 74 178 428 104
Personal 1.6 242 9.2 2.2 54 465 323 7.9 32 352 184 4.5
Other 1.8 208 10.1 2.5 0.5 3.2 2.8 0.7 1.2 16.1 7.2 1.8
Total 17.7  63.2 100. 243 16.6 576 100. 244 17.3 609 100. 244
S.D. = stardard deviation; P.D. = percentage to delay time; P.C. = percentage to the total cycle time.
D’). They are the indicators of the capacity 2004 TOTAL CYCLE TIMES
limitation of the machine. The processing
time increases at a great rate as DBH in- -
creases, which can be indirectly illustrated by b R e e B L
Fig. 2, and would give rise to a diminishing 4 Whers (@) CT = 1 n seectve cuing
production function, which would be verified ~ § oo e
later. Therefore the productivity as a function 8
of DBH is certainly important.
0 -
0 15 30 45

Delay time

The distributions of delay element times
are presented in Table 3.

The prediction of the delay times is difficult
since they happened most accidentally. But
they represented the general probabilities of
the occurrence supposing the testing period
would be long enough. The major part of the
delay was accounted by work delay (42.8 %
in average). This was mainly composed of the
time of moving trees and logs. It was appa-
rent that the moving of the trees and logs was
more difficult in selective cutting area due to
the standing trees, and its time (8.6 sec in
mean value, accounted for 48.7 % of the total
delay) was higher than that in clear cutting
(5.7 sec in mean value, accounted for 34.1 %
of the total delay time). The next large delay
element time was the machine delays (ac-
counted for 31.6 % of the total delay time in
average). The time of clearing branches from
the processor could not be overcomed unless
the equipment would be improved. Another
cause of the machine delay was the repairing
in a short time, of which partially was for the
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maintenance and repairing of the normally
worn out machine parts, and partially was for
reparing unnormal worn out machine parts.
Because some of the oversized trees (larger
than 35 cm in DBH) were processed, the
overloading and hence broken down of the
machine happened from time to time, which
caused the increasing not only of the short
machine delay but also of the long time re-
pairing (BWrep) time in terms of total work-
ing element and hence reduced the machine
availability and utilization. Therefore, it
would be strongly recommended that the
sizes of the trees processed be not too large
since it would cause more delays.

The personal delay time in selective cutting
(1.6 sec in mean value, accounted for 9.2 % of
the total delay time) was lower than that in
clear cutting (5.4 sec in mean values, ac-
counted for 32.3 % of the total delay time).
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One possible reason causing the big differ-
ence in personal delay was that the testing for
clear cutting was at the beginning of the work
site. and thus more instructions and com-
mands were needed for the works. But it
wouldn’t be considered as the general
phenomenon under various working condi-
tions. Further research is needed here.

Theoretical total cycle time

From Table 2 the total time can be ex-
pressed by

Tc=Tl+ Tm+ Td + Tp (20)
where

Tc = total cycle time per tree, sec
TI, Tm, Td, and Tp are loading time, travelling time,
delay time and processing time, sec.

For the first three time elements on the
right of equation 20 above, the average re-
sults from Table 2 were used:

Tl+ Tm + Td = 44.978 + 7.898 (CT) (21)
where
CT = 1 for selective cutting, 0 for clear cutting.

The theoretical processing time as a func-
tion of DBH was developed:

Tp(D) = 3+0.101219 (D?)—0.0063483 (D°)
+ 0.0001463 (D*) (22)

R? = 0.79169, Res. MS = 142.079017.

Using the equation 20, and 22, we get the
theoretical total cycle time required for com-
pleting a work cycle of tree processing, which
are graphed in Fig. 2.

Although there was no significant differ-
ence between the processing times in selective
cutting and clear cutting (as shown in equa-
tions 18, 19 and 22), the total cycle time
differed significantly between the two cutting
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types since the differences in equation 21
were too apparent to be ignored. The coeffi-
cient (R? = 0.79169) of multiple determina-
tion in equation 22 was lower than that (R? =
0.8492) in equation 18, the residue mean
square (Res. MS = 142.079017 was over
twice as much as that (Res. MS = 52.71185)
in equation 18. Therefore, equation 18 is a
better prediction for processing time and
would be employed for more accurate analy-
sis. But in the present study, we prefer equa-
tion 22 for the following analyses for the sake
of simplication and other reasons as con-
cluded above in the processing time analysis.

4.1.2 Total working time

The equations expressing the linear rela-
tionships between the cumulative moving
time and cumulative gross effective time, and
between cumulative repair time and cumula-
tive gross effective time were developed by
linear regression analysis and graphed on the
scatter plots of the observations as shown in
Fig. 3 and Fig. 4.

The slope (0.09045) of the regression line
in Fig. 3 is the expected rate of the variation
between moving time and gross effective
time, and that (0.84087) in Fig. 4 the ex-
pected rate of the variation between the re-
pair time and the gross effective time, based
on which the average results for the total
element times were obtained and are pres-
ented in Table 4.

Different shift hours give rise to different
distributions of total element times. The
machine repairing time accounted for
37 ...40 % of the total working time, which
was almost as much as gross effective working
time (44 ... 48 %). Since the processor was
working under oversized trees and was over-
loaded, it broke down very frequently, which
raised the repairing time and hence reduced
the effective running time of the machine, and
also tensioned the operator’s working condi- _
tion. This result indicated that the capacity of
the machine was quite limited and therefore
the sizes of processed trees should be control-
led in a feasible range for the machine in
order to improve the efficiency of the produc-
tion.
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Table 4. Summary of total working time

Shift hours
5 6 8 9 10
Element min % min % min % min % min % min %
Et 132 44.0 163 453 194 46.2 225 46.9 256 47.5 287 479
BWrep 111 37.0 137  38.1 163  38.9 189 39.5 216 399 242 403
BWmov 12 4.0 15 4.1 18 4.2 20 4.2 23 4.3 26 4.3
BWco 15 5.0 15 4.2 15 3.6 15 3.1 15 2.8 15 2.5
BWmeal 30 10.0 30 8.3 30 7.1 30 6.3 30 5.6 30 5.0
Total 300 100 360 100 420 100 480 100 540 100 600 100

Table 5. Solutions of the maximum output

cT DI Roots 4 Output per EMH
Real part Imaginary part of real roots

SC D(1) 35.1385115756 0.0000000000 37.0711807340
SC D(2) —0.4876935448 4.9528954004 =

SC D(3) 4.8051560167 0.0000000000 0.6706190296
CcC D(1) 3.7088392504 4.9528954004 -

CC D(2) 35.7471347967 0.0000000000 42.2204819535
CcC D(3) 0.0000000000 0.0000000000 0.9743640000

Where SC = Selective cutting; CC = Clear cutting.
D(I) = Solutions of DBH from equation 28.

4.2 Productivity
4.2.1 The output per EMH with respect to DBH

As the input of formula 1, the total cycle
time has been defined by equation 23 in Fig.
2, and the volume as functions of DBH were
developed based on the inventory documents
from Kyro Oy:

Vs = 0.000 054 49 (D>#21%) (26a)
Vp = 0.000 135 641 (D*5219) (26b)
Vb = 0.000 023 046 (D*!°72) (26¢)

where Vs, Vp, Vb are volumes per tree for spruce, pine
and birch respectively in m*/tree.

Substituting the V’s in equation 26 and Tc

in equation 23 into formula 1, we get P at
each diameter class. Based on the results thus
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calculated, the function for the variation of
output per EMH with respect to DBH was
further developed through regression analysis
as shown in equation 27 in Fig. 5.

Fig. 5 demonstrates that the production
function conformed to the law of variable
proportions. Thus the maximum output ex-
isted and can be attained by equation 5.

9PD) _ _ 4 0314949CT)
DD
— (0.0507086+0.00641998(CT))-(D)  (28)
+ 0.0150909-(D?)—0.0003824744-(D*) = 0

The solution of equation 28 is presented in
Table 5.

In result the maximum productivity in
selective cutting was about 37 m*’EMH at
about 35 cm in DBH (which will be called
Dm as before, the diameter at which the
maximum productivity occurred), and that in
clear cutting was about 42 m*/EMH at about
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Fig. 3. Relationship between cumulative moving time
and gross effective time.
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Fig. 4. Relationship between cumulative repair time and
gross effective time.

36 cm in DBH. The output per EMH would
be reduced if the DBH were increased above
or decreased below the Dm. For the single-
sized forest stand the output per EMH can be
determined by equation 27 in Fig. 5 and
maximized only when the DBH of the stand
is at or near to Dm. The other types of forest
stands will be considered in the following
sections.

4.2.2 Expected productivity
By discrete stem-diameter distribution

From equation 7a and 7b, the function
F(D) should be determined while the func-

tion P(D) has been already defined by equa-
tion 27.
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45 PRODUCTION FUNCTION
1 P = 0.974364 - 00253543 x D° .
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Fig. 5. Production function.

The absolute stem-diameter frequency was
obtained from the inventory documents of
Kyro Oy, from which the relative stem
diameter frequency was calculated by equa-
tion 8, and presented in Table 6.

In Table 6, Fa(D) and Fr(D) stand for the
absolute and relative frequencies of the stem-
diameter distribution respectively, which are
also plotted in Fig. 6a and 6b.

The supposed maximum expected produc-
tivity was calculated for each diameter class
that was assumed as a maximum diameter by
formula 14a, which are presented in the fifth
column of Table 6 and represented by
Ped(Dm). The maximum expected produc-
tivity was founded 14.8 m*’EMH in selective
cutting and 17.1 m*/RMH in clear cutting,
both at a maximum diameter of 35 cm in
DBH. From the results of Ped(Dm), we can
conclude that the recommended maximum
diameter of the trees to be processed by this
model of machine would be at or near to 35
cm in DBH in both cutting types with a view
to maximizing the productivity.

By continuous stem-diameter distribution

As an alternative method, the continuous
mathematical model for deriving the ex-
pected productivity is more convincing in
theory.

Based on the relative frequency in Table 6,
the frequency functions, or density functions,
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Table 6. Distribution of stem-diameter and their corresponding productivity.

Selective cutting

Clear cutting

DBH Fa(D) Fr(D) Ped(Dm) Pec(Dm) DBH Fa(D) Fr(D) Ped(Dm) Pec(Dm)
cm no m’/EMH m*/EMH cm no m’/EMH m’/EMH
7 111 0.105 0.850 0.845 7 49 0.066 1.228 1.225
9 113 0.107 1.358 1.339 9 82 0.111 1.912 1.905
11 101 0.095 2.186 2.152 11 64 0.087 2.934 2.957
13 87 0.082 3.289 3.244 13 58 0.079 4.265 4.333
15 64 0.060 4.604 4.549 15 56 0.076 5.841 5.952
17 50 0.047 6.091 5.984 17 46 0.062 7.568 7.709
19 67 0.063 7.699 7.464 19 46 0.062 9.381 9.493
21 54 0.051 9.283 8.904 21 49 0.066 11.174 11.201
23 43 0.041 10.793 10.229 23 49 0.066 12.827 12.744
25 82 0.077 12.186 11.383 25 45 0.061 14.246 14.054
27 60 0.057 13.247 12.323 27 41 0.055 15.384 15.092
29 63 0.060 14.018 13.029 29 50 0.068 16.222 15.849
31 42 0.040 14.484 13.501 31 34 0.046 16.709 16.340
33 38 0.036 14.727 13.759 33 21 0.028 16.953 16.605
35 33 0.031 14.795 13.840 35 17 0.023 17.044 16.702
37 16 0.015 14.758 13.795 37 13 0.018 17.033 16.695
39 14 0.013 14.665 13.680 39 7 0.010 16.975 16.647
41 11 0.010 14.560 13.554 .4 11 0.015 16.897 16.604
43 3 0.003 14.481 13.461 43 1 0.001 16.887. 16.576
45 7 0.007 14.403 13.417
SUM 1059 1.000 SUM 739 1.000

The symbols, e.g. DBH, Fa(D), Fr(D), Ped(Dm), Pec(Dm), etc. are explained in the text.

since the population of the sample was sup-
posed to be sufficiently large and in fact the
total population of the trees in these areas
were used, of stem-diameter were developed
by model (equation) 12 through regression
analysis.

The regression models:

Ys = —6.02181—0.11812-Xs,+0.871907-Xs,  (29a)
R? = 0.84983, Res. MS = 0.163662.
Ys = -7.72976+0.216918-Xc,+1.21346:Xc,  (29b)

R? = 0.94010, Res. MS = 0.073376.

where Ys, Xs), Xs,, and Yc, Xc¢;,Xc; are correspond-
ing regression variables to those in equation 12
for selective cutting and clear cutting respec-
tively.
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Transform into beta-functions:

42_6)—01 1812 (46_D)0,ﬂ71907
412.32365094

Fs(D) =

(D_6)04216918 (44—D) 1.21346
2275.0522151068

Fe(D) =

where Fs(D) = density function of stem-diameter dis-
tribution in selective cutting area.
Fc(D) = density function of stem-diameter dis-
tribution in clear cutting area.

These two density functions of stem-diame-
ter distributions are graphed on the scatter
plots of the relative frequency function in Fig.
6a and 6b so that the difference between
observed and predicted values would be more
clear.

From Fig. 6 we found that the stem-diame-
ter distribution in selective cutting was rep-
resented by decreasing stem-diameter dis-
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Fig. 6. Frequency function of stem-diameter distribution.

tribution and that in clear cutting the left-
skewed unimodal stem-diameter distribution.
Under the conditions of these types of forests,
the description of the productivity by equa-
tion 27 in Fig. 5 is insufficient because it only
describes the variation of the productivity
with respect to DBH and does not give the
actual output per EMH in the real produc-
tion. More practically, the total expected pro-
ductivity defined by model 11 provides the
average results of the output per EMH in
reality, which is very interesting and useful
for analysis of the production costs. It seems
that the model 11 would be too complicated
to be used in practice, but actually is not. It
can be run on the computer system by a short
programme, for instance, at the present study
a programme by Fortran-IV was made with
54 lines which is not shown in this paper, only
the results of the expected productivity are
presented as follows:
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3 3-i . . g ;
Pes = {2 = [ci(‘*JT') - (46 — 6)* - 6
i=o j=0
S (08I +1+4—i—j—k .
=i (—0.11812) + 0.871907 + 2+ 4—i—j -k
4 .
+ 3G 6

i=o

= 13.408 (m*EMH)

3 3 3 .
Pec={Z X [C(*]') (44-6)"70
i=o j=0

7 (0.216918) + 1+ 4 —i—j—k )
=1 0.216918 + 1.21346 + 2+ 4 —i—j — k
4
+ Z G- 6
= 16.584 (m*/EMH)

where Pes = the expected productivity in selective cutting.
Pec = the expected productivity in clear cutting.

The value by this calculation in clear cut-
ting is slightly lower than that calculated by
discrete distribution method in Table 6, that
is because the regression analysis enlarged
the range of the diameter classes (a, b) into
(a',b’), where a’ < a, and b’ > b as shown in
equation 30. While the value in selective cut-
ting is lower (1 m?/EMH difference) than
that by discrete distribution method. This
can be explained as that the stem-diameter
distribution in selective cutting could not be a
decreasing distribution but multimodal dis-
tribution, as shown in Fig. 6, that was why
the R-square (R? = 0.84983) in equation 29a
lower than 90 % of the absolute accuracy.

Real production was even different since
the bigger trees were bucked beforehand
manually. For the purpose of estimating the
real expected productivities, formulae 14
should be employed. The calculations were
performed on the computer system and the
integration was by numerical integration
method — so-called ”Simpson’s rule of integ-
ration” (Kreyszig 1983).

The results for each diameter class are
presented in the last column of Table 6,
which is represented by Pec(Dm).

The maximum expected productivity in
reality were 13.8 m*’EMH in selective cut-
ting and 16.7 m*/EMH in clear cutting. The
Dm is 35 cm in both cutting types. If diame-
ter is lower than Dm (35 cm), the expected
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productivity would be reduced and on the
other hand it strengthened the manual buck-
ing, which is not a wise decision. However, if
diameter is kept higher than Dm the expected
productivity would be reduced also, although
the decreasing was slight in terms of m?®/
EMH, it could have reduced the utilization of
the machine since the break down of the
machine would take place more frequently.
The total output per shift would be decreased
markedly in fact even though it was not de-
monstrated by quantitative way. The sugges-
tion is that the maximum size of tree proces-
sed by this model of machine be below 35 cm
in DBH.

4.2.3 Machine availability and utilization

The machine availability and utilization
were calculated by formulae 2 and 3.

Since  BWrep = 0.84087 (Et)
DLm = 0.07693 (Et)
DLn = 0.24365 (Et)
DLm and DLn are from Table 3

Then MA =52 %
MU = 48 %

These were the average results from actual
field tests, during which the hydraulic pump
was broken, which might have strongly
caused the lower values. However, as con-
cluded before, the processing of oversized
trees have also reduced these values.

5. Conclusions

5.1 Factors affecting the productivity of
the processor

From the analysis of time study, it was
found that the processing time accounted for
the major part of the total cycle time. The
affecting factors being tested to be significant
on the processing time were the size of the
trees, the number of logs per tree processed,
the branchiness, the stem deformation, the
species, and the machine capability (working
condition factors), while the cutting types
didn’t have significant influence on the pro-
cessing times. From the difference of the
travelling element times between selective
cutting and clear cutting, we could conclude
that the travelling times were strongly influ-
enced by the factors of stand density and
terrain, and hence the travelling distance and
the degree, or types, of cutting. To analyze
the affecting factors on the loading time, load-
ing element must be further broken down into
more detailed elements such as extending the
boom, grasping tree, pulling tree in, and posi-
tioning the tree on the processor unit. The
potential affecting factors on the loading time
could be the distance of the tree to be loaded
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away from the processor, the size of the trees,
and the skilfulness of the operator.

Over sixty percent in average value of the
delay times were accounted for by the
machine delay and work delay, which to-
gether accounted for 18 % of the total cycle
time. One main cause of so high percentage
was the occurrence of larger sized trees in the
forests. This indicated that the capacity of the
processor was limited.

5.2 Determination of the processor’s pro-
ductivity

The production function of the processor
was determined as a function of DBH at the
present study. Since the other predictors of
the processing time, such as number of logs
per tree processed, branchiness, and machine
capability were more or less related to the size
of the trees, the DBH used to describe the
processing time is of more representativeness
and simplifies the analyses. Based on the
single variable production function, the pro-
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ductivity models were established mat-
hematically.

In a even-sized forest stands, the proces-
sor’s productivities can be determined by the
production function as shown in equation 27
and Fig. 5. It was found that the production
function conformed to the law of variable
proportions. Therefore, the maximum pro-
duction existed, which was determinable as
demonstrated in equation 28 and Table 5,
where the maximum output per EMH were
provided as 37m*/EMH at about 35 cm in
DBH in selective cutting and 42m*/EMH at
about 36 cm in DBH in clear cutting, for the
single-sized forests. As a matter of fact, the
forest stands are not single-sized, the stem-
diameters are distributed within a certain
range of diameter classes. Consequently, the
production function with respect to DBH is
insufficient, the expected productivity is of
great value of practical applications. The be-
ta-function can be used to describe any form
of unimodal and decreasing stem-diameter
distributions, and for the multimodal types of
forests, the discrete calculation is preferable.
Since the oversized trees were bucked in ad-
vance, the expected productivity models gi-
ven by formulae 7 and 11 must be modified
into formulae 14, by which the expected out-
put per EMH were established and are
shown in Table 6. What we calculated by
formula 14a were the descriptions of the ex-
pected productivities occurred in reality,
which were illustrated by "Ped” in Table 6,
where we found that the maximum expected
productivities were 14.8 m?>/EMH in selective
cutting and 17.1 m*EMH in clear cutting,
both at a maximum diameter of 35 cm in
DBH. However formula 14b can be used for
predicting the expected productivities under
similar working conditions. The values of
”Pec” in Table 6 were the results calculated.
It was predicted that the maximum expected
productivities of the processor would be ab-
out 13.8 m*’EMH in selective cutting and
and 16.7 m*EMH in clear cutting, both at a
maximum diameter of 35 cm in DBH.

As a result, the productivity must be mod-
ified by machine availability and utilization.
They were found 52 % and 48 % respectively
at present study. Since the increasing of DBH
over Dm would result in longer machine de-
lays and machine repair time and hence low-
er machine availability and utilization, since
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it would bring out higher increasing rate of
processing time and hence total cycle time
per tree, and since it would lead to a quick
reduction rate in expected productivity in
terms of output per shift, it is recommended
that on no account the DBH be above the
maximum expected productivity diameter
(35 cm in DBH at present study).

5.3 Practical application

The principle objective of the present study
was to develop analytical techniques in
theoretical studies for the use of evaluating
the productivity of delimbing-bucking
machines. Results applied specifically to a
PIKA 35 processor working in the forest
stands under testing, but with many applica-
tions to other processing machines if the type
of the forest stand is similar, i.e. the main
component of species is spruce and secondary
pine without or with a few of birches, for
example, in the present study the composi-
tion of species were 83 % of spruce, 13 % of
pine and 4 % of birch in selective cutting, and
97 % of spruce, 3 % of pine and none of birch
at all in clear cutting. However, the methods
developed in theoretical analysis of time
studies and productivity studies are particu-
larly applicable to all small-medium sized
Processors.

Although the time study was based on a
limited observation period of 2061 minutes
and a limited sample size of 798 trees, the
results present the general trend of relations
between variables, and can be used to evalu-
ate the similar processors and their systems,
since more observations could increase the
reliability and precision but would not
change the interrelationships between vari-
ables. However, the more observations would
result in better predictions and should be
preferred for further studies.

The established mathematical formulae for
calculating productivities are flexible models
and applicable to most cases and those for
determining the maximum expected produc-
tivities applicable to the cases where the pro-
duction function is identical with the law of
variable proportions since no other hypoth-
eses were made.
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Seloste

Pika 35-prosessorin tuottavuuden maarittaminen

Tutkimus kasittelee puunkorjuukoneiden suoritysky-
vyn arviointimenetelmad. Analyysit perustuivat PIKA
35-prosessoria koskevan Kyréskoskella tehdyn tuotta-
vuustutkimuksen tuloksiin. Tutkimuksessa tarkasteltiin
puutavaran valmistuksen tuottavuuteen vaikuttavia teki-
joitd. Tuottavuuden madrittamiseksi laadittiin mate-
maattisia malleja ja tarkasteltiin niiden soveltuvuutta
vastaavien tutkimusongelmien ratkaisemiseen.

Aikatutkimuksen tulokset osoittivat, etti yksittdisen
puun kisittelyaikaan merkitsevisti vaikuttavat runko-
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kohtaiset tekijat olivat puiden koko, oksikkuus, rungon
epamuotoisuus, puulaji ja yhdestd rungosta tehtyjen
puutavaralajikappaleiden lukuméira. Muut puun kisit-
telyaikaan vaikuttavat tekijat olivat hakkuutapa, leimi-
kon tiheys, maasto, tyoskentelytapa ja tyopisteiden vali-
set siirtymismatkat.

Puun rinnankorkeuslapimittaa pidettiin merkitsevim-
pana puun kisittelyaikaan vaikuttavana tekijana ja sita
kaytettiin yksittdisend tuottavuuden ennustajana analyy-
sissa. Tahédn yksittdiseen muuttujaan nojaavan tuotta-
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vuusfunktion pohjalta laadittiin matemaattisesti tuotta-
vuuden ennustemallit. Mddritettaessa prosessorityon te-
oreettinen tuottavuus puustoltaan tasaisessa leimikossa
huomattiin, ettd huipputuotos tehollista konetydtuntia
kohti olisi 37,1 m® rinnankorkeuslapimitaltaan 35 cm:n
puissa harvennushakkuussa ja 42,2 m® rinnankorkeusli-
pimitaltaan 36 cm:n puissa avohakkuussa. Prosessori-
ty6n tuottavuus vaihtelee kuitenkin puustoltaan epita-
saisissa leimikoissa suuresti. Niinpa aineistossa tuotta-
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vuus oli vain 14,8 m*/h harvennushakkuussa ja 17,1 m%/
h avohakkuussa tehotuntia kohden laskettuna. Teoreetti-
sesti runkojen ldpimittajakautumaa voidaan kuvata be-
ta-funktiolla. Sekd rungonkokoluokittaiset kasittelyajat
etta rungonkokojakaumat huomioon ottavat funktiot yh-
distimalla saatiin harvennushakkuussa puutavaran val-
mistuksen tuottavuudeksi 13,8 m®/h ja avohakkuussa
16,7 m*h.
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