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ABSTRACT

A methodology is described for identifying‘least—cest forest

€

harvesting Systems using shortest path networkf analysis. Components

of the harvesting system are depicted in the form of a directed, acyclic

[

network describing the sequence of alternative methads for satisfying

the system's objectives. Nodes in the network lept “pL completed

A o ,m;

ved, (duratlons)
¥ &
-cost) and

operations (events). Arcs joining the uod&% ﬁ&#& v

representing the cost of the event " The optﬂhal ( e€a
near-optimal forest harvesting systems *are found by selecting and
ranklng by lowest total cost, different paths through the network.
| A package of computer programs, written in BASIC for a
Hewlett—Psckard 9845B mini-computer, was developed for implementing '
3 .

the methodology. Routines aid in the definition of the network, snd
input of variables for each activity. Activity durations, measured
in dollars per cubic metre of wood produced, were calculated from
estimates of hourly costs and productlon for spec1f1ed condltlons
A before-tax cash flow model calculates activity costs on an annual
equivalent cost basis.- Productivity is'determined using prediction
nequations to estimate activity cycle times for the conditions.

| Sample sppliCation of the methodology is made'tn identify
the cheapest system for logging and transporting tree-length material
to a processing plant under Eastern Canadian conditions. . The optimal
system, a swather—type'feller—primary transporter presently under
development combined with roadside flail limbing, wss.significantiy
cheaper ‘than alternative systems. The optimal system-seiected was

found to be insensitive to fuel prices with fuel prices up to double
. N\
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present cosfs. Sensitivity analysis Qas also'used to identify the
least-cost harvgsting s;;tems under a raﬁge‘of tree dilameters and staﬁd
volumes. The swather systém was best under most tested fonditions.
However, with large tree sizes and lowﬁgtand volumes, a system with a
tractor-mounted shear, tracked grapple skidding and roadside' flail

-limbing produced the lowest costs. A manual felling system produced

the lowest costs with mediuﬁ sized trees (24 cm DBH) and low stand

’
7

o

volumes.

Shortest path nettwork analysis was found to be a useful
\ .
method of designing forest| harvestlng systems. The ability to

1dentify both optimal gnd ﬁear optimal systems is important when the

\ 5 - L

differences between most systems are as small as those observed .«
the case study. The technmque s biggest advantage is that many more
alternatives than would usually be evaluated, can be examined quickly

and in a manner which permits easy comprehension by non-technical

personnel.
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1. INTRODUCTION

Since the invention of the axe, increasingly sophisticated

machineg and systems\have been developed for. harvesting wood  fibre

3
3
3

from forested lands. Logging management personnel must select that
combination of harvesting equipment which is best suited to the
" particular operating environment from the.afray of alternative

harvesting 'systems which have been.of could be developedl.

The best system for any specific operating envigonment,

whether physical, economic or social, can ‘only be identified after

.

~ all possible methods of meeting the ;bjectives of that system have

_been investigated. The .research discussed herein investigated the

(4] . o .
%se of a computer program which selects and ranks altermnative
combinations of machines, facilitating the sélection of equipment

and the design of the least-cost forest harvesting system.

1.1 Research Objectives

The objectives of the research undertaken for this thesis
< i

were as follow: ) N

a) To describe with directed networks possible alternative
- :

forest harvesting systems;

o

b) To compile engineering, economic and time study data on

IS

selected logging equipment;

—_—
. ————— e
. — 7

1 1t is suggested that readers unfami i st _harvesting terms
consult a standard reference on terminology e.g. [108; H

T —




c) To develop production cost prediction equations for

d)

e)

harvesting equipment;
i
To demonstrate the use of shortest path network analysis

as a means of selecting optimal forest harvesting systems;

and . ' .

To'evaluate the sensitivity of the logging system to

variations in its operating environment, and so determine

.

optimum operating zones.

N\
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1.2 Environment Facing Canadian Loggers

‘Nadeaﬁ‘[lllj, Morrison [110], and others [68; 123; ;AZJVhav
shéwn a deterioration_in the competitiveness of thé Canadi;n forést
products industry compared with yost other producing countries. o
Seventy- to eigh;y percentléf the differences in total pulp and paper

manufacturing costs between Canadian and American producers has been

il e
T e P

attributed to high wood costs [142; P 4ij. Although the situation'
is less critical in the lumber industry, ;ome ;égiéns of Canada have
competipive disadvantages Eor the same reason. These high wood coéts
are attributable to alnumber.of proBlems within the physical, ecqpomic
and social environménts facing Canadian 1qggers.

Increasing deman&”fbf forest products has resulted in greater
harvests as shoﬁn‘in Figure 1, and fofced greater utilization of what
had earlier been considered stands and-speéies of marginal value;

- Ho ever, Reed's, [138] study -of Canada's reserve timber supply concludes
tﬁa; the economically exploitable forests are now almost cém;letely
allocated,and oniy impro?ed utilization and.intensifiéd forest
management will permit further expansion éf the industfy.

Reduced average tree size and rabidly rising waéeé have
prompted a trend towards the complete mechanization of'foreét
harvesting operations as a means of raising productivity. Hand

'gaws and horsedrawn sleighs have; for the mostlpart,‘been replaced

by power sawé,Askidders and other mechanized equipment.

LSRR
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Total forest production in Canada 1960 - 1978 [147; 149].

Figure 1.



The urbanization of soc;ety reduced the labour supply of
an industry which had been labour intensive prior to 1960. The
“increased labour productivity offered by mechanization became ac
nﬂcessié& under these circumstances. Table 1 shows that the average
annual productivity of forest workers dodbled in the period from
1960 to 1978.
| LabourAcosés aléé increased during the period, botﬁ as a
result of ‘inflation and the need for a wage énd'fringe benefit package
'to neutralize the urbanization trend. In terms of cbnstant value 1971
dollars?, average wages more than doubled from $4,830 to $10,039 between
1960 ané 1978.

. Over the shorter term, the strong inflationary pressures
folloying~the energy crisis in 1971 produced dramatic increasq§ in the
gosts of energy, lubricants and purchased supplies as Figure 2 shows.

These %actorsucombined tovproducé the eduivalent of a 3257
increase ;n the total cost per cubic metrg on a current dollar basis
between 1960 and 1978 as shown in Figure 3. On an absolute basis,
average unit co;ts roée %t an average annual rate of over 27 during

P,
the period.

2 Constant value 1971 dollars were used to remove théxinf‘ationary
effects during the period. Various price indices have been
applied to some cost figures as outlined in Appendix A.
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Although mechanizatfon has solved some of the prohlems
"associated with labour, it has created many of 1its own. The
complex;ty of logging machines has increased the necessity for the
training of woodlands employees. Higher demands for ékilled labour
has often placed the industry in direct competition with urban
employers for trained personnel. With mechanization, ﬁachine |
maintenance has become an increasingly important area of concern.
Organizational restructuring and the development of new inffaiétructures ‘
became necessary to maintain and control logging machines.

Moreover, the sheer magnitude of the multi-million dollar

investments in tHe'capital assets required for large-scale harvesfing
operations has become a majpr problem. The size of the actual
investment varies with the degree of mechanization énd the amount of
wood cut, but as Figure 4 Ehows, capital expenditures have risen.
The ratio of capitalfto—labour input costs increased by 207 in
constant dbllars between 196b and 1978. This suggests that the
doubling of man-year productivity shown in Table 1 is the result of
a éubstitﬁtion of capital for labour during the period.

To measure the relative effectiveness of these production

“factors, a comparison of the productivity indices for capital and

labour expenditurds3 is made in Table 2. During the time frame,

capitél productivity decreased slightly, while there was a

'

compensating marginal increase in labour productivity.

3. The productivity indices were calculated using the equation

Production ~ TImplicit Price Index
- X
Expenditures : 100

Index =

using expenditures on capital, labour and a combination of both.
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‘the combination of these two factors gives a more accurate estimate

However since capital was being substituted for labour,

.
0

.

of prodUctivity.éﬁThis approach’ indj, tes Fhat'a 0.1% a;nual'Aecréase

in the oyeréll produc;ivi?y of the Canadian logging iqﬁustry'oécurred
beﬁween 1960 and 1978. ’Wﬂile new technologigs wgré twice introduced
into the‘industry during these -years (skidders and harvestihg equipment),
they had no ﬁajor impact.on over—all&producfivity.: This supports
Morrisoﬁ's éonélusion»that "neither capital nor labour were used
efﬁéctivéiy" in the Efansition from a‘labéur inténs?vé to a capital
intensi;e indusfry EllO, P. Vi]. ‘

- The net result of this stable productivity has been rises

in wood costs to the point where United States producers generally

N
4 L2

enjoy a lower material costs than all Canadian productidn gegibns

other than Interior British Columbia [123, p. II-26].
This has been & maig»contribﬁting factor to low the

profitability that threateﬁs.the availability of capital in the

future. Since the threat of shortages, small tree sizes  and relative

inacéessibility cgipared to compepitors will, cdntinue if not worsen
in the future; one of the main problems now confronting the Canadian
logging‘indﬁstry invoi;es imﬁroving the produétivity of capital and
labour expenditﬁres. This_research investig;tes a method which aids
woodlands management ﬁersonnei in the analysis and select of systems
most likely to improve prodgét;vity. R

' (“ A briéf‘outline of thé basic forestry harvesting systems

and theirvcomponent subsystems follows. -

12



1.3 Forest Harnesting Systems

PR -
Kaa 2 -

Nadler's general definitionAof any system,[llZ;‘p. 417 as
»thenSPecified.and organized:conditions for the elemegts of function;
inputs, outpnts, sequence, envifonment, physical catalysi; and human
agents'defailed for each elemgnt in physical, rate, cnntrol, and state
'dimensions clearly applies to harvesting systems. |

These elements relatevto‘forest harvesting systems as‘foliows.
The function:is to harvest and transport a quantity nf wood fibre to
some locétion/fnr additional proéessing at minimal cost. Large
quantities. of trees and energy are the system's main inputs. The
output of a logging operation is wood fibre at the consuming mill's
sitg. Between the system's inputs and outputs, thé operation follows
a sequence of procéssing stepsi The conditions within the forest;
society and the{ééonomy«are the environmment in which the system

fﬁ;ioperates. The physical cétalysts, which aid. the conversion of inputs

¥ to outputs, are the various logging machinés.NWWoo&IEﬁég;WUrkers and
management ar;.the.human agents associatedawith tne syétem. Thus

_ forest harvesting nperations are akin to othér systems. As suchy,
éystems analysis'is one nefhod of analyzing logging systems and
'idenﬁifying the optimal system.

\

There are five distinct general categories of forest
harvesting systems: ‘

1.3.1 multiple~length,

1.3.2 tree—length, |

1.3,3 full-tree,

1.3.4 whole-tree, and

1.3.5 chipwood.
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Figure 5 illustrates the historical use of the different
systems in Eastern Canada. Note that the basis of comparison is
wood form upon.delivery to roadside, rather than form upon delivery

to the mill as u:;a elsewhere in this thesis.

o

MULTIPLE LENGTH

TREE LENGTH

m FULL TREE
100 %

90 ‘:?z‘ | | ' ¢k
oo | “

70

60 ] . :
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Figure 5. Historical use of different forest harvesting systems.
in Eastern Canada [[104, p. 5].
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1.3.1 Multiple-Length Harvesting Systems

R
and transggrt of logs of less than the merchantable height éf the tree
to the proéessing mill. Generally‘if the logs are over three meters.
in lgng;h,’the s&stem is called longwood,. and if under three meters,

. shbrtwood.‘WBoth types involve the same.basié 6perations'but with some
differences due to the log length. The main subsystems are-as follows:

) "a) felling of the tree,
b) . bolt preparation i.e. limbing, topping, and bucking,
;) transportation of wood fromfthe stump to a central poiﬁE,
d) loadiﬂg, : 4 o o L
e) transﬁqrfation to the processing mill, and
f) wunloading.
The sequence of the subsystems is variable, with the péssi?i}jgy 3

of the transportation from stump to landing and bolt prepaéation'

subsystems being interchanged. It is also common to have bolt~

~
\
~

preparation disunited, with for example limbing and topping done

at the stump, 'and bucking at phé landing.

Historicall& in Canada, ;he multiple-length system has been
the primary me?ﬁod of harvesting wood fibre. The ease of handling
with short material when technology was less déveloped, ;he réquire—'
ments of _groundwood ﬁulp mili equipment,; the delivery to the mill of "

only "acceptable' portions of the tree, and legislated limits on the
widths and lengths of truck loads were the major justificatioﬁs for

‘the continued usage. of the system. Technological advances in the -

last 25 years have largely negated these advantages.

Multiple~-length harvesting systems involve the production ’f-

15



1.3.2 Tree-Leéngth Harvesting Systems

" A tree-length system produces and transports wood in logs
N N 1 +
L

equal in length to fhe'merchantable height of the tree. The actual .

length varies with the forest enviromment, tree species’ charécteristics,
and ~the merchantability limits, but the transported logs usually exceed
12 meters in length and rarely are longer than 18 meters. This system

involves the same subsystems as the multiple-length system, but the

bolt preparation stage consists only of limbing and topping.

1.3.3 Full-Tree Harvesting Systeﬁé

| Full-tree légging results in the delivery of a felled‘tree
with the limbs 1argely intact to‘the prbcéssing plént. The bolt
preparation subsystem is cémflétely removed.

1.3.4 Whole-Tree Harvesting Systems

The whole or complete-tree harvesting system involves the
harvesting of ali wood fibre within the tree, ffom roots to branches.
There are pqﬁential problems wifh putrient cycling, soil erosiop énd\
regeneration associafed with the system, so it remaihs lérgély unused
in Canada. However, Reays [71; 72; 73;>74; 75;Jsuggested that the
system has great potential for some prodﬁcts, since the utilization -
'of the.total wood fibrg produced by the tree could be increased by
as much asAforty percent for most Canadian species.

1.3.5 Chipwood Harvesting Systems

Chipwood har?esting syste@s delivér wooa chips to the
consuming mill. The chipping of trees in vafious forms is péssible,
Eut the inclusion of tree bark with the chips.creates problems with
the'puip quality with present pulping processes.. The s?stem;s outp%t

are also unsuitable for utilization in lumber and veneer mills, so the



b'potential usage of the system is 1;mited to pulpland particle board‘
producfs. The purest: form of this system would be’chipping‘of }he

thlejtrge at ﬁhe stuﬁp, and subsequently transporting wood chips to
the mill. .
| Having described the basic forest harvesting systems, the

literature covering different techniques which have been applied to

the analysis of these systems will be reviewed in the next section.

\\
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2. LITERATURE REVIEW
In the pasé three decades,'the trend in forest harvesting
research has been away from the stﬁdy.of single machines to the_study
of groups of machines combined'iﬁto systems. Prior to the mid—i§60's,
most‘studies investigated harvesting as single entities, althéugh if
was often recognized that many situations involved several activities.

Since that time, the systems‘hpproach, studying problems as é\goliection
: \

*

of activities whidh‘interact, has become increasingly common.

«. Although many analytical techniques have been used to analyze
'harvesting machines and systems, the application of a particular
' technique has.often not been limited to oOne use. Fof example, a \\\
simﬁlation model could be developed for de§igning a system, and could :
also be used for'planning and control purposes once the system existed..
As such, the techniques described in the literature have
been separated into their primary area of usage‘as follows:

2.1 Determining Machine Productivity
. 2.2 Planning and Controlling Logging'Operations ‘

2.3 Designing Logging Machines and Systems

2.4 'Synfhesis



2.1 Détermining_Machine Productivity o

Most analysss of logging'machines and systems used time
study data, alone or in conjunction with-various messurements of the
operating enviromment, to determine machins'ﬁroductivity and cycle
times. However, data analysis has become increasingly compls#.

Simple ‘statistics ssch as means and standard deviations have been
replaced by multiple regression and tiﬁe series analysis; In recent
vears, operations research models using probability distributions for
time elements have become common.

The main objective of mosﬁ early studies was the 'determina-
tion of producfivity and the influence of environmental facfors on it.
Research such as that by McCraw {1001, Bennett et al. [8], Dibblee [35]
and Harvey [63],139nsentrated on detailed time studies of‘wheeled
skidders. Results of these studies indisated éﬁat about 607 of the
variation in productivi;y could be explsined by easily measured
variables such as losd volume and skidding distance. Several authors
S&Eﬁ_ﬂlOl; é; 27] attempted to improve the ascuracy of predictions by
including such factors as surface roughness, slope;-brush density and
ground bearing sgrength but with little success. Vsriable skidding
crew sotivation, changes in their fhysical‘effoit (rating) in response
to‘work conditions,Aand interaction between all these factors taused
meaSursmépt problems.

_ More recent studies of ski@ding sperations have been unabie
to- improve the accuracy of these early prediction equations.} étudies
as recent as 1976 by Mattﬁss et al. [98j explained about 657 of the
producéivity variation usingba siﬁ yariable multiple r;gression

-

equation. .In comparison, McCraw's and Hallet's studies [101] made



W

during tﬁe 1960's, used three variables to explain 55% of the variation.
Cottell et al. [27; 28] had accurgcies of §OZ and more using equations
- with two independent variables and shift-level data. N
Kroger's study [77] is an' exception t; these relatively low

agéuraciés. He reé;rts coefficients of @ultiple determination exceeding -
947 . However, his models are quite complex and their data requirements
. make them of questionable wvalue for practiéal uses. The trade-off
between accuracy and usefulnesé has led manylresearchers to avoid

complex productivity prediction equations with higher?accurécy since“

the numerical skills among those using the equations were frequently

poor and problems with measuring factors such as brush density, and
surface roughness consistently.

In more recent years, both detailed .and gross time-study

procedures have been used for logging machine studies. The machine

\
R

evaluatioﬂvétudies.made by Skogsarbeten (Swedish Logging Reséarch
'Foundation), the American Pulpwood Associatidn, the Pulp and Paper
Research institute of Canada (PAPéiCAN), and tﬂe Foreét‘Engineeriné
Research Ipstituté of Canada (FERIC) use short—térm (3 to 5 day)
detailed studies to prepare productivity estimates £19; 128; 84; 461].
Other orgénizations.argund the world use similag techniques.forlthe
same purpose;ng&L [10; iZ;,ﬁO]..

Folkema [47]»ané/9thers‘at FERIC'have used gross time study
procedures in Fonjuétion‘with time recording instruments, i;éL Ser;is
recor@ers,‘tg deterbiné long—te?ﬁ machine time data;‘productivity and

causes of machine downtime. ’
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The failure of the early researchers tn quantify the
unexplained variation led to the development of gross-data procedures
which used shift-level or day-long periods as the basis of prediction.
Prbductivity estimates with éuffinient accuracy for production control,
planning and budgeting, and in some cases greater accuracy than’detailed :
studies, were found to be"obtaingble uslngcthese gross data p;ocedures
{28; 1581. Detniled time-element studies have been reserved for method
studies aimed-at improving work &echniques, thé evaluation of new
macnines, and for determining the. probabdlity distributinns and
regression equations used in simulation models.

Two”conclusions are apparent from the studies chiefly concerned
&ith determining the productivity of logging nachines and systems:
machine and system performance has a stochnstic nature, and the

interactions between system components were usually not studied.

2.2 Planning and Controlling Logging Operations
" The results of many early time studies were intended for:

. ) .
use in the planning and control of logging operations. Cunia [31]

.and Lussier [91] used statistical data gathered from time studies

of equipment and crew performance to prepare production standards
and control charts, and as a basis for budgeting and the evaluation

of future systems.
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2.2.L Nomograms

Many authors have avoided the problem of low.numeracy
among potentiql users by providing nomograms for productivity and
cost calculations, E;E; Ager [1]1, and Legault [85]. The productivity
curves are usually established using regression equations developed .
from time studies.' Costing mddels of various types have been used.
for determining operating cost of tﬁe equipment.

The so-called "Weak Link' analyzer developed by Baumgras‘and
Martin [6] uses nomograms to aid lqggers in analyzing their h;rvesting
systems. The pfoductivity and costing nomograms presented for the
feliing, skidding and transportation subsystemé represent a éomplete
systems approach. The pro&uction nomograms are limited to conditions
in the Appalachian region of the United Statés, but the apéroaéh is
adaptable.

The economic analysis of 20 logging systems used in Quebec
made by Conseille;é en gestion des foréts (COGEF) contains nomograms
for adjusting the observed productivity of logging machines: [55].
Logging chance was‘classed by degree of diffic#lty i.e. easy, medium
and inexploitable, and‘combined with operator and task characte;istics
to create an adjustment factor. Al though intuitively the curves

5 . .
appear reasonable, quantitative support 1s absent.
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2.2.2 Differential Calculus

Probably the earliest application of a comprehensive
mathematical analysis to, the planning of timber harwesting operations
" was Matthew's treatment of road and landing spacing [99]. His approach
used the method of equal areas to derive the average skidding distance
for regularly shaped areas like circles, tria;gleS'and rectangles.,

The average skidding dis&ance was used in a break-even anal;éis which
equated variable skiddingbcosts"and road construction costs to determine
optimal road and landing spacings.

Several other approaches havé been developed for investigating
the optimal spacing problem. Lussier [92j revised Matthew's work,
recognizing the influence of térrain conditions: on skidding‘productivity.
Suddar;h and Herric}.[153] developed formulae based on integral calculus
for the average skid distance. Their work demonstratﬁd that Matthew's
avérage skidldiétance formula for a rectangle was incorrect. Lysons
and Mann [ 93] showd that Matthews' formula for circle wedge shapes
was also in error.

All these approaches assume that the cutting block has a
regular shape, two-way $§Edding to the landingJis‘possiblé, variable
skidding costs are equal froﬁ both éides, and that stand density is
constant throughout the cut biock. In préctice, none of these
» assumpti&ﬁs is valid. Additionally, topographic features and soil
cdnditioﬁs, such as streams, mﬁskégs and cliffs,‘may prohibit éositioning
the,landing in the central location, and increase the actual skidding

operation; rather than reduce productivity.

|\
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Peters and E?fﬁ? lllh@%glérlndéﬁ the integral calculus
approach to irregularly Hh;pﬂd areas, using a procedure,requiring
a digitizer. Peters'IIZGI n1nquﬁluulqted a generélized, direct
solution method which uses Matthew's expression for total harvesting

cost and the integral form for average skidding distance. The

results showed that a necessary condition for minimum costs is

that variable skidding costs equal road costs plus twice landing
costs.

Donnelly [ 37} developed a program for a hand-held program-—
mable calculator for calculating average_skiqding distance for any
shape of cut-block. Hié me&hod is simpler than the digitizing
system of Péters and Burke, op. cit. and includes variable sténd
density.

\0Carter et al. [23] approached the optimum rqad layout
problem using calculus éi a fuller treafment of road building costs
than is used in the road and laﬁding spacing studies of the previously
mentioned authdrs.

2.2.3 Mathematical Programming ‘ .

In the last 15 yéars, operations resea;ch toéls have been
applied to logging problems by many researchers. Harveéting and
regeneration activities were scheduled using a linear progfamming
model by Curtis [32], but logging entered the caiculations only as
costs.

Donﬁelly [38] used linear programming to determine the

optimum combination of machines subject to restraints on such factors

as volume, species composition, labour supply and equipment.

s
(74



Lonner 1901 used !inear programming to minimlze storage
and transportation costs for one year plans of wood trangportation
activities. A heuristic, model is used to allocate trucks and loaders
to iﬁdividual landings.

More recently, Newnham | 118; 115] developed a computer model
for preparing annual harvesting plans. Linear programming is used to
allocate constrained resources of wood and machines, so that mill
demands are met throughout the year at minimum cost.

A two-part methodology for planning cable harvesting areas

and assigning equipment to them was developed by Dykstra [40]. Stand,

topographic and environmental restraints are combined with the mechanics

of cable yarding systems to develop feasible alternatives and the
harvesting costs for each block in a planning area. An integer
programming algorithm }s used to design optimum blocks and to allocate
yvarding equipment to minimize costs.

Ihe main problems with linear programming for harvest
planning are that:

a) variables are assumed to be continuous,

.b) machine interactions are not considered,

¢) tableaux small enough for convenient solution but large

enough for accuracy are difficult to formulate, and

d) variables must be deterministic.
Various ﬁéthematical programming methods i.e. integer, and non-linear
programming, can lessen the importanée of the firs; three problems,
but have not been widely Qsed. The latter problem continues to

restrict use of this technique.

25
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2.2.4 Simulation
The inability of mathematical programming’tephiniques to
describe the stochastic relationships common in harvesting @@perations’

is probably the greatest single cause of the rise 51mulatibﬁ as the

4most popular operations research technique for’ 1nvestigating harvestlng

machines and systems. However, applications of these techniques have

also had problems. - In many studies, the scope.of the system investigated

‘was either too restricted or too general to permit proper evaluation of

the total harvesting system.

i

For example, a 51mulat10n model presented by Gillam [61] models

the movement of wood through a watershed but does not discuss how the

-
A

wood gets to the water. Other simulation models such as those by Leaf

ES

and*Alexander [83] and by Bare [51, treat harvesting as only one cost
~variable in a comprehen81ve forest management model
The complete harvesting system model was not modelled because

of the nature of many harvesting oberations and the overall study

.objectives. On many harvesting operations, the storage intérval at

the primary landing is sufficiently long to justify the separation of

the harvesting system into subsystems without‘invalidating the model.

in large scale models,'harvestingvis only one activity in the forest's

*

growth cycle.

Corcoran's paper [261'wps one -bf the first to describe a

complete harvesting system simulation model. However,'the model was’

- prepared to illustrate the suitability of the simulation language

GPSS/360, and does not appear to;have been ¢tilized for other nurposes.
GASP-II'was used as the programmingilanguage_by Johnson- and
Biller [11; 70]-to model several alternative systems. More significant

however, is that the model was validated by"comparing predicted and

-
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‘/,“

observed results. Like most simulation modéls, time elements were
described deing statistical distributions.

T ’ : ’ oy .
¢ Martin's Timber Harvesting and Transport Simulator differs
g

_in that regression equations in conjunction with their standard errors

were used to predict cycle times [96]. No.special,simulation language ‘ ‘
- . ) V ;(,)

was used.

The flexibility of all these models is limited. A more
general model‘wés developed by the“ﬁmerican Pulpwood Association's
; . > )

Harvesting Research Project [152], and subsequently expanded by

researchers at Virginia Polytéchnical'Institute and State University,

[120]. Six different systéms_can be simulated by this model in five

different stands. The intent of the model was to evaluate the effects -

of the systems' components balances and stand conditions on overall
b ; -

productivity. Stand conditionéﬁﬁeye not intrinsic however, since

-

production rates are fixed outside the’ model. *
Bonita [13] developed a simulation model for coastal British

Columbia. His model, designed for evaluating and comparing existing
L . . “,

or potential operating policies and determining eéquipment requirements,

was vélidated.

1

2.2.5 Network Analysis |,

Mandt [94; 95] determined the shortest rohﬁe between two

points in wa road network using a hand calculation procedure for network .

t

analysis.- Wood from difféfent cutting areas was allocated between ' :
altefnative millskby'mihimizing the travel time between the cutting

area- and the mill.
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Ransing [136; 1371 discussed the usevof critical path‘
andlysis.in the planning of a\forest road construction project.
Martin [97j designed a computer program for analyzing PERT networks
which could be used for planning sﬁch projects. e

A report by Carson and Dykstra [22] describes several

computer programs for finding the shortest path through a transportation

" network from a landing to a destination. A programmable desktop

calculator with digitizer was used to develop the network. An aigorithm

‘which finds the shortest &ath from any initial node to all other nodes

is used to determine the best transportation route.

Applicatidns of network analysis have been limited to areas

related to planning and preparing for the actual harvest rather than

A

analyzing alternative systems.

2.2.6  Production Functions

Multiple regression equations_for various system components
are converted to-.a probability density fuﬁction for the complete system

in a model developed by Watson and Matthes [155]. The model is based

on the assumption that the system's productivity equals the minimum

productivity of the components for any level of production.

2.2.7 Decision Trees

dedland (1577 used a decision tree as a machine costing

« model.'“He proposed that probabiiity,estimates for different events

" be .prepared and probability weighted "expected" values be used in

return on investment calculations and risk analysis. The decision to

purchase a machine or system was to be made based on these expected

returns. . %
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2.2.8 Others

]

B : _> ; . <\
A heuristic algorithm was developed by Carlsson [21] to

prepare ‘logging plans over different pianning hori%ons in Sweden,
The short—-term plans are basically cutting schedulés that maximize
the utilization_pf available machines'and labour. jAreas with
constraints on logging activities are séheduled for cutting when
the constraint's effects can be minimized forbthe one~year plan.
Individual areas are allocated to specific yéa;s in the 5-year
“plans.

Gibson and Egging [59; 41].fofﬁulated models for selecting,
the optimal landing location from several specified alternaﬁiﬁes.
Topographic influences-oh‘thg prdducti n function and physiographical
‘éonstraints are incorporated igfthé mqdel. Eut the.unit centfoids
- used to fepresent the cut-blocks are inaécu?ate rebresehtatives,

since all wood froﬁ each biock is‘aSSumed to be traﬁsported.from
the.block's geometric cenére to the:landing. This appears not to

recognize that features which are constraining at the centre,, may

not apply to the complete block, thus raising average skidding

distance and costs. . ' ' L '



2.3 Designiﬁg Logging Machines and Systems'

| Several approaches have been appiied toithe design of
logging machines and systems. Some of these apnroeehés, particularly
reliability theory, are exelusively design_approaches. However, the
differentiation betweenyplanning and control models, and those applied
to design is impreeise; expecielly with’stochaséic simulation models.
Frequently these modelsvean be and have been used for boph purposes..
Thus for the purposes of ehis discussinn, an attempt has been made to

differentiate between each model's primary ebjecfives while recognizing

the model may have other uses.

2.3.1 Reliability Theory

Two authors have used rellablllty theory to justify their
an}roaches to logglng equipment design. Kurelek's papers [78; 79]
comgffe sevefel mnlti—functionlmachines with systems composed of
singie—function machines. The improved man-day productivity, lack
of interdependence between machlnes. better materials handling
characterlstlcs, and the redundancy of some components led Kurelek
to conclude that mu1t1 function machines have inherent product1v1ty
and cost advantages over single-function machines.

On ghe other.nand,-Mellgren [1057 concluded that tnere are
no significant‘differences in the potential wood production costs”
between different maehine systems. He also suggested thae single#
function machines are more competitive under adverse terrain conditions

and in stands of large trees since machine size becomes a limiting

factor.

S
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. The conflict between these authors' conclusions arises

because of their treatment ofbmachine availability. Kurelek and
Mellgren generally agree on the reliability of different’machine
types, but Kurelek's cost calculétions do not use these reliability
figures. Both authors emphasize that the competence of the mechanical
support organization controls whether or not an operation caﬁ be'
supcessfully‘mechanized.

A more recent paper by'Mellgrén [106] suggests th;t‘improved
reliability is necessary in multi—function machines if the loggiﬁg
industry is to profit from their adyantages. His results suggest
that machines with two or three functions provide the best trade-off
between the advantages of multi-function'equipmeng and the problem

of reliability as machine complexity increases.

2.3.2 Systems Comparison Méﬁhodologies

‘2 methodology for analyzing logging systems was developéd
at ékogsarbéten in the mid-sixties [64]. The time required to complete
various eiemenfs is estimatea using either time study and/or design
specifications, sumﬁed‘and.converted to hourly production estimates.
A more complete machine classification and expansion of fhis methqdqlogy
was prepared‘by McCraw and Silversides [102] for use in North American
cbnditions. vThe effects of operators on produCtivity'through personnel
delays and traiping, and tﬁe interfereﬁce'between machines are not

included in these productivity estimates.

R R TT - [ PERroRey K 5



ﬁoyd end Novak [15) used the competence of the support
oiganization as the‘basis of a procedure for eyaluating machine
concepts and systee;. Eighty—four logging systeps were compared at
fo;r assumed levels of performance which reflected:organizetional
eompetence. However, this‘approach assumed that all ﬁachines are
susceptiele to the same variability in performence and availability.
2.3.3 Simulation

_Both deterministic and stochastie simulation models have
been used for designing harvesting machines and systems. Le&esque [86]
developed a deterministic model of a logéing truck based on Newtonian
physics relationsﬁips to select truck components end te determine : )
travel time estimates. Garnetr and Cooper [58] ‘used a simular model
based on rotatiomal rather than distance relationships to investigate
the effects of reducing the aerodynamic drag of logging trucks.

The Vehicle Mission Simulator described By Gustafson and
Schneck [623 is another determiniseic model used for design purposes.
Vehicle speeds fot specified load, soil and slope conditions -are
calculated for the vehicle by solving the force and moment equations
[124]. The model is used to select optimum components such as
power~trains end tires when designing machines.

Fiske and Fridley [44] developed a model for selecting
skidding equipment based on traction chafacteristics. The, model

’ w
selects the skidder or crawler tractor which produces the lowest

costs for specific terrain, load sizes and skidding distances.

32



o

ﬁewnham tllS; 116; 117 ] has developed several models for\
use in designing better harvesting machine£§. The harvesting of
individual trees is modélled to estimate productivity. ' However,
therdetailed stand data required for the model was not commonly
availablé, limiting the models'.potential usefuiness. Terrain
effects,oﬁ machine behaviour were not modelled.

Other models used a combination of stochastic and deter-—
ministic relationships. Damon and Johnson [33] adaptéd earlier work
by Almquis¥ [3] in thebmodelling of logging machines. Probability
dist;ibutions were used to generate the sizes and locations of trees.
Time elemenﬁs were calculated using deterministic’relationships.on
such factors as boom length and extension speed. The model was used
to determine the optimum.specifications for a thinning machine.

Winsauer.and Underwood [156j described a stochastic;m9del
for espimating the productivity of a ”topwood" harvester. Unlike
most of the design models, results of the simulation runs were
yalidated and found to be in close agreeﬁent-with observed results.

Several authorsrhave attacked thetﬁfdbléms of subsystenm
and system dgsigh using simulation. Routhier's stochastic model of -

the trucking subsystem [140] is suitable for both design and plannihg

. purposes. ' Garner [57]} validated the model and illustrated its use

: )
with results from several applications.

Larsson [80] discussed a simulation model for analyzing .

i
3

~alternative trucking systems for design purposes. Regression equations

from time studies are used to estimate elemental times.

-
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i A simulation model for evaluating a hot loggingysystem using
shortwood harvesters and tractor-trailers was developed by Newman [i13].
Results iﬁdicated that savings in delivered wood coéts wére posgible
over cold logging systems, but no validation of results was reported.
Chip harvesting systems have been simulated bvaohnson and
Biller [69], and by Bradley et al. [16; 17; i8]{ Johnson's and Biller's
SAPLOS model was developed gs; use in determining the best equipment mix
for a chipping operation. Bradley'é gimulator, which was validated, was
‘designed to estimafe harvesting costs under a range of stand conditioﬁs
and tO'aetermine the best equipment mix. Both models are st0chastic» M

2.3.4 Queueing Theory

»

Analytical methoas based on the idle timé distributionsvof
“ﬁaﬁﬂfﬁb coméonents in series were used by Meng [107] as the basis of
methodology for “evaluating design changes. Itlis assumed that both
components are operating simultaneously.

2.3.5 Network Analysis

f .
An adaption of network analysis, known as line balancing
was used by Corcoran [25] to determine the optimum balance of components

in a harvesting system.



~,

2.4 Synthesis
fhe literatﬁre survey 1ndiéates that many analytical techniques
have been used to study foresting harvesting machines and systems.
Simulation has become the most widely discussed analytical technique.
However, widespread use had not followea, suggesting that simulation's
primary disédvanfages, modei complexity and inability to determine
optimal solutions direétly,sare restraining fqr po;ential users.

Most researchers recognized the interdepéndence of all
harvesting activities¢ but subsystems have generally been modelled.
Such an approac¢h would be feésonablé if the model was intended for use
in controlling existing harvestiné systems, Howeve;, most models were
developed to assist in systems design and operations planning, tasgs
which demand consideration of many alternatives.

Since none of the téchniques\applied to date appear to have

met the needs of woodlands management, trial of other techniques appear

justified.
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3. ‘INVESTIGATIVE METHODOLOGY'

The basic problem which' this research considérs is that
theoretically_every forest harvesting éystem operates under different
physicgl, economic and social conditions. Thus conceivabiy, there
could Ee‘a very large number of system désigns, each of which might be
optimal for some sbecific combination of environméntal conditions.

Network diagrams which graphically represent the sequence
of events involvea in completing some tésk can be uéed to describe
alternative metheds. Various adaptations of this approach have been
used to design agricultural systems, but no reference was found to its
. application to selecting forest.h;;vesting systemé.

Preston [134; 135] adapted the critical path method (CPM)
so that both time and cost variables were evaluated simultaneously
in applications to the layout and operation of piggeriés and. to select
optimal irrfgétion.systems: Coupland ana Halyk [30] used network
analysis. to evaluate forage harvesting systems. A simulation model
was used to select aiternative paths through a.nétwork of forage
‘handling a;terﬁétives By Lievers [871].

A computer program (SPNA) in}tially developed by Preston [133]
for selecting the shortest path through.a network, was adapted by Lievers
(887 to rank all paths through the neé&ork. Ogilvie et al. [121] used
SPNA to evaluate manure handling systems for swing and dairy cattle.

| Safley and Price [141], and Burney gg_gi.ié20]~have used

different versions of the network approach to analyze alternative

manure handling systems.



The shortest path network approach ‘to system design was

s

selected for this research because of the following advantages apparent

from the literature:

a)

)

d)

e)

alternative combinations and sequences of gﬁuipment
can be eaéily outlined in network form,

many altefnatives can be quickly and cheaply evaluated,
optimal and near~optimal system designs\are identified
for more intensive study if desired,

non—-linear functiomns can be’used, and

sensitivity analysis can be readily undertaken. -

Alte:native approaches such as simulation and mathematical programming

do not have all these advantages. )

The methodology which follows uses shortest path nefwork

analysis to assist the forest harvesting system designer identify the

optimal system for his conditions. Alternative combinations of

logging equipment are compared on a common basis to permit the

selection of the least-cost system or systems. The procedures used

will be described under the followiﬁg subsections:

3.1 Preparation of the Network

3.2 Establishment of Activity Durations

3.3 Shortest Paths Network Analysis Program
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3.1 Preparation of the Network

A network is a graphical modei which defines the sequence

of events and activities between some initial state and some concluding

state. An event is the identifiable point at which some defined state
exists, and is denoted on a network diagram by a circle or "sausage'',
called a node. An activity, represented on the graph by an arrow, is

an operation which is required to reach some defined state, and is

¥

called a branch, an arc or a link. An activity having no quantity

associated with it but needed to maintain a logical sequence, is
L

represented by a dashed arrow called a dummy. Dummies are also

required for.uniqueness and to avoid ambiguity when there are several

wE . :
_alternative activities between two nodes. .The network is the graph— "

produced by.connecting sequential events with arcs ;epresenting the
activities involved in prodﬁcing the change in state.

Figure 6 illustrates a generalized network diagram for
alternative tree-length hafyesting~systems. The initial state in
the tree-length system was assumed to bé the tree standing in the
forest; Several alternmative operations and transportation activities
convert from’a standing tree into a trée—length log, transferring it
from the stump to some intermediate landing and thence onto the
processing plant. Along the way, it may or may not BE#EéEBS;S?ili

} .

stored. The unloaded tree at the mill représents the final state

and node.
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Becauée‘of network size and the mass of data required to
deetribe—all alternative systems, this research was limited tg’a
tree~length harvesting system as it cduld be applied in Eastern Canada.
"'As ‘such, the'"optimal" system inrthe remainder of this thesis is the
1east—cost“tree—length harWesting system which might not be optidal
if allfalternative systems were considered. However, shortest nath
‘netw0rk analysis is a general technique and can be easily adapted for

-

use with;different networks and inputs for other systems. _ - : .
Figure 7.shows an expaneion o?{t e. general network diagram ‘
-outlining the alternative machines and subsystems which can perform |
the variOus operatlon and transport activities of the tree—length N
system.J o
Three assumptions'were made to reduce the netwprk's complexity
nhile preparing the expanded network | L : :
a) truck transportation’ is the. only method avallable for :
\ k_mbving the wood from landing to mill. Sihce the mode
of transportatlon is usually predetermlned by the
avallability of alternatives gigi.railroads, rivers,
and'road systems, and most wood is trucked for some
idistance in Canada,‘this is @ reasonable simnlification;
h) hot- logging systems, where some equlpment would off-load
onto trucks are 1nfeasihle. Interference problems between

machines have prohibited use of‘hotalbgging systems in

most areas; and

.
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temporary storage activities usually have durations less
than a week so that no interest charges are added to , .
. ]

production costs in lieu of the capital tied-up in

uncompleted products. Lengthy storage between activities \
is common only between the harvesting and transportation

subsystems. This delay varies from a few days to as

t

much as a year depeﬁding on the specific opération.

All systems are likely to have a delay of similar duration
(4] ’ i

at this point. .
AN

)
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3.2 Establishment of Activity Duratiomns

Each arc in the network diagram of the alternative systems

shown in Figure 7 was.aséigned a duration. In this analysis, activiE}
. o N
‘F%rations weré\meafured as wood cost (CW) expregsea as a cost perqcubic
metre of ﬁood pro&ucgd. “V
- The general relationship for the duration of any activity
reflects the economics and prodUctiyity df the machinery and labour

involved in the activity.

_ HCOST

3\Y HPROD @
where: CW = wood cost for the activit§ ($/m3)
HCOST = hourly costs for the machinery and lébour used in
the activ}ty ($/productive machine hour)
HPROD = hourly prqductivity oé the machinery and labour used

in the activity (m3/productive machine hogr).
. The derivation of the eqﬁations-used to estimate'the.hougiy costs and
productivity for the activities are discussed in the next two sections.
. ﬁ'Ihe duration of each actiyityrmeasured in déllars per cubic metre of

— - " wood produced were calculated using equation 1 from the estimates of

hourly .costs and produdtivity.

a
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© 3.2.1 Cost Prediction Equations

® : T
d A costing method based on optimal eéconomic machine life was

used to predict equipment costs onva'before—tax b?sis. This approach
was selected because the tendency for maintenance costs to increase and
for productiviﬁy to decrease as a machine ages, results in an economic
life that is often shorter than the pﬁysical life.

&he predictipn of logging equipment costs considered the
fpllowing items:

a) purcha?e price,

b) machine-life,

c) salvage value,

d) .cosﬁ of capital (interest rate),

e) insurance costs,

) 1iceﬁsing costs,

g) labour costs,

h) fuel, lubéicant:andAhydraulic 0il costs,

i) - maintenance costs, and

j) machine uti?ization.

Costing models used previously in studies of logging machines
and systems have faults related to their tréatment of capital costs.

The straight write—off approach used by Boyd and Novak [15] makes no

charge for invested capital .and assumes no salvage value. The method

used in PAPRICAN's and FERIC's machine evalpation studies e.g. [128; 85],

w

_ write-off plus interest on half the investment, assumes no salvage value
and equal annual interest charges. The widely used straight-line write-
off plus interest on the average investment e.g. [6; 24; 154] fails to

recognize compound interest effects. All these methods assume an equal
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“annual write-off fixed by an estimate of recovery period which is usually

defined as the machine's "useful" 1ife.

This research used a capital recovery with return approach
to calculate capital costs. In comparisop, the straight—line‘write—off
plus intereét on thé‘average investment; the»mqst accuraté of the
previously fiscussed costing ﬁethods,.provides capipal cost estimatés
which are about 117 low for a 10 year recovery period and a 127 interest
rate. The capital costs (CC) expréssed in annual équivalent‘doliarsv

per productive machine hour (PMH) were calculated using the formula

(PP—SVj) CRF + svj x I
- SHY x U

cc, (2)

where: CC, = capital costs in year "j" ($/PMH)

PP = purchase price ($) ‘'

SVj = salvage valﬁe in year "'j" | i .
CRF = capital-recovery factor = lil—i—lii—
1+ 1)1
I = interest rate (decimal %)
SHY = scheduled hours yearly (scheduled machine hours)

U = utilization (decimal 7).

A machine's salvage value is a measure of the remaining
. .
utility in the machine. Value is lost over time as the efficiency of

the machine decreases. For example, an engine reaches its maximum

efficiency following a short run-in period after which its overall
. ‘

effiéiency declines as the cylinder walls, pistons and rings wear.

4

' The machine always maintains some value if onlypas scrap metal thqughi

the costs of disposal may negate any salvage value.



For this analysis, a machine's valué was assumed to decrease
at an annual rate of 307%. The salvage value of a machine in year "3j"

) was estimated to be

L

(SVj

SV, = PP (1 - 0.30)7 (3)

The rémaining'costé of harvesting equipment consists of both
fixed and variable cost items. Licensing, insurance Zﬁﬁ to a iesser
extent operétor wages are fixéd and are incurred whether or not the
machine opefates. The ﬁariable costs of fﬁel, oils énd‘lubricants,‘
and repairs are Aependent oﬁ the number of hours worked by the machiné.
All these costs were converted to a ﬁroductive machine hour basis.

Insurance costs (INC), an expenditure for protéction against
damage to the méchine, were assumed to be a constantQBZ of the machine's

residual value annually.

0.03 x .SV,

IN = s T : (4)

Licencing costs (LC) were é;clgged only for the truck and
trailer in this analysis. This cost was fixed at $1700 per annum
based on the vehicle registration fees of the province of Ontario.

Other equipment would not usually be.hdcgﬁsed for highway travel.

__$1700 C (5)

Le SHY x U
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Both oé;;ktor wages and fringe benefits based on a recent
union contract [4] were included in manpower costs MC). A fringe

benefit factor (FBF) equalling 35% of direct wages was applied. It

[
was assumed that manpower costs would continue to rise at an average

rate of 5% annually in constant dollars as they have in the past

twenty years. Hourly manpower costs ($/PMH) were calculated using

N

the equation

W (1 + FB) x (1.05)37

X 6)

MC

where: W = operator's wage ($/scheduled machine hour) .

The cost of fuel (FC) is dependent on engine design

characteristics, speed and efficiency, fuel density, fuel price and

the load factor (LF). The load factor, a measure of the severity of

the job and conditions under which the machine is operating, is defined

as the actual fuel consumption as a proportion of the maximum capacity

of the engine to burn fuel. Sample load factors typical of harvesting

equipment are summarized in Table 3. Hourly fuel costs ($/PMH) were

restimated using the following equation.

FC = 0.21 x GP x LF x FP : (7))

where: GP = gross éngine power (kW)

FP

fuel price ($/1litre).

It was assumed that fuel consumption occurs only when the
machine is producing wood. 1In reality, some non-productive operating
time dees ocgur, but it usually represents less than 37 of sgheduled
time. As such, its effect on costs is insignificaﬁt and affects all

machines approximately equally.
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4

The cost of oil and lubricants (OLC) varies with engine
power and the capacity”and complexity of the hydraulic system. These
costé aré commonly expressed as a proportion of fuel costs since a
strong relationship exists between the unit prices of fuel, olils and
lubricants.

oic = FC x HCF " (8)
where: HCF = hydraulic complexity factor (see Table 3).

The average hourly repair costs (RC) over a machine's life

were estimated using the following equation [24, p. 28-29; 15, p. 51.
»

_ PP x RCF /
T (9)

where: RCF = repair cost factor ($/$1000 of purchase price/PMH).
This cost includes all parts ana mechaniés' labour. The repair cost
factor depends on machine type, operating conditions and thé competence
of the maintenance 6rganization. Typical values for this factor are
shown in Table 3. | S o ’
A constant repair cost factor was used because long-term
patterns of repair costs‘for>logging equipment tend to be constant \
‘after adjustment for inflation until the frame fails. Boyd suggests
that the rédéced repair time with age results from corrective action
on problem areas and the build~up of maintenance experience [14, p..l7].
In addition, much of the machine is not as old as the chassis since
compo@ents are contin;glly replaced during repairs.
Total hourly operating costs (OC) are calculated by summing

insurance, licensing, manpower, fuel, oil and lubricant and repair costs.

0C = INC + LC + MC + FC + OLC + RC (10) -
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s Utilization, that is the proportion of scheduled hours that
the machine 1s actually productive, is dependent upon the mechanical
reliability inherent within the machine, and the operational effectiveness
of the woodlands organization.

One measure of a machine's mechanical reliability is its
availlability, that is the portion of total schéduled time 1in which the

machine's mechanical condition permits work. The availability (A) of

a machine can be defined as

_ MTBR : '
' A * ¥TBR + MTTR (11)

where: MTBR = mean time between repairs

MTTR f mean time to répair.
Values used in this research for the MIBR of logging equipment were
gathered from various long—term‘studies of méchine repair statistics
E;E; [51; 65; 132j.‘ Where values were unavailable, estimates were
made by combining available information for similar components on
other equipment.[78; 1061.

A mean time to repair (MITR) of 1.8 hours was assumec
determiniﬁg the mechanical availability [14, p. 171. The MITR varies
with machine aﬁd mechanical characteristics such as accessibility and
part complexit?, the mechanic's skill and the facilities with whigh he
works, but the 1.8 hour value is typical of most harvesting machines
‘and woodlands mainteﬁance organizations.

Availability is not directly convertible to utilization,
since some repairs may be completed outside scheduled hours. Some
compahies' maintenance policies restrict repairs to scheduled hours,
but in.many cases 857 of all repair time occurs within scheduled

hours [48, p. 4; 49, p. 41.
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In addition servicing activities such as fuelling, cleaning,
011l changes and preventive maintenance;“are required on the machine.
The time required for these activities varies with the manufacturer's
recommended servicing schedule and on company policy, but is proportional
to the machine's productive hours. Typically, 107 of productiQe hours are

spent servicing the machine. Availability thus becomes

_ MTBR
A = 777 x MTBR + 0.85 x MITR (12)

Operational effectiveness (OE) is the other factor which

~

affects the machine utilization. This factor measures the organizational

and human controlled performance ?f the machine. .,

c - PMH
OE*PMH+WM+WP+NMD (13)
where: WM = time spent waiting for mechénic(s) or repair facilities,
WP = time spent waiting for repair parts, .

NMD = non-mechanical time delay. .

Boyd [14, pp. 50-51] suggested that non-mechanical delgy time

wl <
EE R

could be divided into:
a) Operational lost time, caused by weather or terrain
conditions (e.g. warm-up or machine stuck), interference
. R ,

between other machines in the system, waiting for

supervisor's instructions, aiding oOther machines, etc.;.

b) Personal (e.g; operator late, sick, rest qllowances);?éﬁd S

¢) In-shift moving (e.g. moving between cut bloCks).3 1', 5 igz‘“‘“




Various studies of operational effectiveness have shown it to be
extremely variable ranging from 54% [14, p. 261 to 95% |65, p. 4l.
Values of operational effliclency appropriate to each machine were

used in the analysis.'

The product of avallability and operational effectiveness

is utilization (U).

U = A x OE

) MTBR
= {71 =% MTBR + 0.85 x mItr * OF (14)

"

The utilization factor was used to convert costs from a scheduled hour
to a productive hour basis where necessary.

The sum of.the capital and operating costs are the total
machine costs. However, since both vary wiﬁh machine age, the cash
flows were converted to, a common time basis. The operating costs for
each year are discounted and summed, and the total converted to annual

equivalent dollars per productive machine hour.

3

EAC, = CC, + CRF x ( £ OC, x (1+i)'k) (15)
3 N _ k
k=1
where: “EAC, = equivalent annual cost in year "j" ($/PMH)
L ] .
OCk = operating costs in year "k" ($/PMH)

Hourly operating costs were measured in constant~q§ﬂlars, so an
2

b3 ‘&,f.s- R . . . N .
- "inflation-free' interest rate’ of 127 was used in the analysis.
o .

G
Ao
s

Ay

52



‘53

Ly

S £,
£

) [}
The machine age which produced the minimum equivalent periodic

¥

cést for equation 15 is thé optimum'écohqmic 1ife3[43, pp. 125-147;
Y
139,_pp.,994214]. It was assumed tﬁat obsolegéence due to technologfzél
\chénges necessitate machine repiacement within a maximum of 10 years.
- If the lowest éos;gpoint had not been reached by that point, the optimum
 life was assumed to be 10 years. The machine~hoﬁfly cost (HCOST) usgd

to calculate activity durations (equation 1) was the equivalent periodic

" cost for the machine kept for its optimal life.

HCOST = Minimum ,_, 44 (EAC,) . (16)

EW
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3.2.2 Productivity Prediction Equations

The productivity of forest harvesting equipmeht'is depegndent
on a basic cycle time inherent to the machine which is modified‘by
conditions in¥the physical environment and b§ operator performance.

As such, a model of productivity is

Q x 6000

HPROD ='VCT (1 + EF + OP)
where: HPROD = hourly productivity (m343?3)
Q = quantity produced per cfcle:(ﬁ3)
,CT = maohine cycle time (centiminutes per cycle)
, ‘EF = productivity adjostment factor fof physical
_— —-‘-«<_e“enyizgpmenﬁa}“conditions
bP = productivity adj stment factor for operator peffofmaﬁce{“w““

Hﬁﬁgveﬁ;ithe potential usefulness of this model is limited.

Machine design iteelf fixes the potential zone of application
_for a piece of harvesting equipment. For example,’alfellerfbuncher can
operate only where the siOpe is les% than some critical angle above ohich
the machine will roll over. Similerly a skidder can puliwa larger ioad
onlyuohile its tractive effort exceeds the forces resistiné skidding.
Since’ performance oecreases rapldly as thesebphy51cal limits are reached
machines tend to be useo in areas:where performance is least affected\by
physical conditions. Within each zone of appllcatlon, tree parameters
such as stem volume are frequently the only influenciné factor.

As previous}y discussed, quantifying env1ponmental influences
has pro&ed to be extreme1y,difficult beeaose of»interactions between
various conditioo;, and the variabiliﬁy of the micro—enyirdnment.

Equioment such- as trucks and loaders which operate under relatively

constant conditions are the only consistent exception.

54
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.Qﬁantifyiné factors affecting operafof ﬁérformaﬁce has provedp
equally difficdif. While many authors e.g. [85] hav¢;0b§erved operator T~
effects on cycle times, these differences»céuld frequentiy be’'attributed
to inexperienced operators. }The study of t?actor;mounted shears by
Cottell g;lgi_ [29] was the only study found duriﬂé’the 1iterature
review which quantlfled the impact of factors such as gxperlence

B ‘,:ﬂv

motivation and manual dexterlty on operator performance.

The best available predictive equatioﬁs for machine cycle %

\@

time have coefficients of multiple determinationy (R2) which explain
, £ ¢

less than 657 of cycle time variation. Frequently only a small portion

of the cycle time was variable, with machine des&gn and unmgasﬁred,or
unused variables produéing large constants in the equations. While

reggggiging the probléés involved, this research used the available

"&'M\

S

By T ———— . T .
information on cycle times aken in most céseé“f?6m“varieﬂsumaching________*___;h
evaluaftion studies. | , ’

/

As such, a simpfer model of product1v1ty was used

HPROD = _rgv_%l‘go_og (18) ' \

where: MV = meréhantable%volume per'tree (m3).
The equations -for machihe cycle'time (CT) used in this analysis are
summarized in Appendix B. .  The hourly producs%v1ty (HPROD) of each

[}

activity was calculated using equatlon 18.

=

" Since the prodquivity and_most cycle timé dalculatioﬁs

required various tree parameters, relationships for stump d{améger,

" merchantable tree-length, green weights of tree-lenths and,full—é$ées§

and merchantable volume ‘were identlfled based on tree diameter breast
height (DBH). These equatlons are summarlzed in Appendix B.2 for the

four main softwood species in Eastern Canada.
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3.2.3 Example of Activity DuraFlon Calculations

To illustrate how the hourly cost and productivity estimates
were relatgd,;the activity duration calculation for the arc joining
nodes, 1 and 142 in Figure.7 follows.

lhe mgchine used in this activity is a Koehring KFF feller

forwarder, ‘Table 4 summarizes the coéting data used in the sample

£

~calculatlon. The génoral variables aﬁply to all'activities. Activity

variables are specific to the machine used in the- activity.

By substituting the costing variables in Table 4 into equations.

2-14, the hourly operating,and capital costs shown in Table 5 were:

calculated ~Since the operatlng costs are a future value, they were

PEY

-y

.converted to an annual equ1valent before summation with capltal costs

to obtain total hourly costs (equation 15).

o : . L - B . + K

fE;BlE;ZQ 'Coéting«Va{iables for the Sémple Activity Duration Calculation.

Geﬁeral Variablesg

Interest Rate (7) n:a;.....l;a...... ........ e iean, 12 .
fFuel Price ($/1itre) ...vevenevennn IEETERERIE vee.. 0022
Repair Time In-Shift (% of total repalr tlme) ..... 85
Fringe Benefit Factor (% of hourly WALe) Tvetaeaenns 35 -
Insurance Rate Factor (% of unrecovered value) .... 3

Rate of Lost Utllity (% per year) ..... e ve.. 30

Actlvity Varlables

Scheduled Hours Yearly (SML) ...... e Veeeeian w.. 3840
Purchase Price ($) cvvieeresrnornreassanses ..... 325000
Hourly Wage ($/SMH) ........... e eane eveeesanes 9.66
Gross Power (KW) .............. P 4 7
Load Factor ...eeeesees ceeens e s eiensasseeas e 0.70
Hydraulic Complexi¥y Factor P 0.25
Repair Cost Factor fi....... S ST 0.10
Mean Time Between R@lpairs (PMH) ..........oveuinn .. 11.8
‘Operational Effectiffeness «veeicronssenvasacesssse 0.90
License Cost ($/yr) e [ B venasannnaesas S0~
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" In the example, a minimum cost poiﬁt was not"reached witbin
a.10.year perioé. ‘Thus;* the hogfly cost (HCOST) of the activity was
equated to the equivalent hoﬁrly.costiinbyear 10, $85.61 per productive
machinglﬁour.'

Table 6 summarizes the operating variaﬁles used to calculate:
hourly produétivity. = The values fér ﬁhe welight of full trees and

merchantable volume per tree were calculated for average tree size

_using the tree parameter equations in Appendix B.2 for black spruce.

-Table é? Productivity Variables for the Sample Activity Duration

~Calculation.

Operating Variables:

SPECLES veveernrsncncrroanens e e eereeeaneaae Black Spruce

L] .
Average Tree Size (DBH in Cm) ...iveivecrnecncncenns 18.00

”fﬁi;;;;;;;;ﬁyerage'Primary Transport Distance (meters) ..... .. 200

Calculated Variagigg?‘\“““‘--~‘_~,““\

. Weight of Full Tree (kg) ...vc..-. eeieatessenanans

Merchantable Volume per- Tree (m3) .....

1
%g
e



N

The cycle time'per tree (CT) for the Koehring KFF was
s . '

calculated using the equation [85, p. 5]

+ (52 + 5.84 x DIST)

CT = 49.4 NT

- (19)

. 1135
7.2 x (INT 53 " WTFT)+ 1)

1i

42.4 x MV

..'; ,{]M“
LY S yhﬁ}; 52.76 cmin/tree

..where: DIST = one-way travel distance (200 x 1.4 = 280 m)

l.ﬁwt. ;._JJ -

L ‘ . L 29000, _ .,

NT = number of trees pe? trip = INT (WTFT ) = 148

INT - = integer function which returns the non-decimal

' \7\\_
. Tre—
portion of a number ' :

WIFT = weight of full trees (kg)
MV = merchantable volume per tree (m3).

Substituting the cycle time into equation 18 gives the hourly productivity.

MV x 6000

HPROD CT

3

0.152 x 6000
" 52.76

: T :
17.3 n3/PMH \\\\M\\‘““‘\-\~\!;

. v Combining the hourly cost and productivity estimates in

equation’'l gives the activity's duration..

o = HCOST < 3
~ HPROD 0 ' N
- 85.61
17.3 \

= $4.96/m3

Bec .



3.3 Shortest Path Network An§1ysis Program
An interactive package of BASIC computer programé entitled
ﬁbGNAP, an acronym for L0Ging getwork'épaIYSis g;ograms; was developed
to analyze a‘netwofn of alternative systems suchfas that developed in
section 3.1. The §f¢grams define the ne.t'k, calculate the activity
.durations and rank a user—specified number of least-cost paths through
the network. |
The flowchart shown in Figure 8 summarizes thg basic logic
- sequence of LOGNAP, The complete progrgﬁ»liéting and some explanation
.of the non—étaﬁdard features in the particular BASIC interpreter.used=
in the research are éontained“iﬁ Appendix C.
The sections which follow discuss the limit%tions on the size
of network to be analyzed, and algorithms used to renumber nodes aﬁd
find the shortest paths. - \ N

3.3.1 Program Limitations

‘Five basic parameters aie»éntered té describe the network
and control processing:
a) the number of activities in the network,
'b) the numbér of nodes in the network,

c) the number of least-cost pqths*ﬁesired by the user,

‘\\_\\\‘\‘\\~\~\ ‘ d) an estimate of the maximum number of nodes on any

least—cost path, and
e)i %he number of séts of variables.
As presently dimensioned, the numbgr of“activities and nodes in the
network isilimited to 250, a maximum of 50 paths can be selected, and

a path cahnot contain more than 25 nodes.
C» '
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3.3.2 Node Renumbering Routine

The subroutine RNUM‘renumbers the network nodes to satisfy
the so-called I-J rule". This was included in LOGNAP to: )

a) simplify the network aevelopment process by permitting

haphazardly numbered nodes to be used,

b) facilitate modification of the network as required, and
E c) Jsatisfy the requirements of the shortest path algorithm.

The routine was one adapted by Burney [20] from one developed earlier

by Lievers [88].

The nodes of the network aré numbered between 1 for the
origin, that is the node having no predecessé:s, and the total ﬁumber
of nodes in the network for the ferminus using all numbers between
these values.

The fol}owing aré the main steps in the routine:

STEP (a) - identify the termiﬁal node number of the network,’and>set
counters.
STﬁP~(b) - increment aciivity counter, and test if all activities have

| been checked. 1If so, transfer to Step (g).

’ . STEP (c) - iéentify an activity having the terminal node, and equate
the terminal node of the activity to the highest remaining
terminal ﬁode number. ﬁote that during the initial pass,

—
——

e the highest remaining terminal node number is the number

of nodestn-the network.

——

4 The I-J rule requires that the nodes in a network be numbered so
that the initial node number of any activity is less than the
terminal node of that activity.



STEP

STEP

" STEP

STEP

STEP

(d)

(e)

()

(g)

(h)

test if the other activities have the same initial node.

A unique initial node implies that no alternative path
exists between the initial and:terminal nodes bf the
activity. If the node is not unique, transfer to Step (b).
decrement the highest remaining initial node number, and
set the‘initial nodes of all activities having that initiai
node to the highest reﬁaiping node number.

if all initial nodes have been genumbered, go to Step (h);
If not, transfer to Step (E).

decrement the highest remaiding ﬁerminal node number, and
idenﬁify tﬁe initial node of the highest remaining
uprenuﬁbered activity. Reset activity counter and transfer
to Steﬁ_(b).

reset the initial nodes to their origigal values, and

establish a key for the reﬂhmbered nodes.

63
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3.3 Yen's Algorithm

The shortest pdths‘through the network are determined using
an algorithm developed by Yen [159]. This algoritﬁm increases its
computational needs 1inearl§ with relation to the number of paths
sought, whereas other approaches to the shortest path problem, e.g.

Lievers [88] increase their computational requirements exponeﬁtially.
Yen's algorithm capitalizes on the fact that once the shortest

path has. been fqund, the nodes on any sub~optimal path must coincide

Qith at least one node on the previously identified paths. Thus to

find the next shortest path, only the shortest deviations from the

';reviouslykfound paths need to be evaluated. The shortest of these

candidatés is the next best path.

As propdsed by Yen, two lists (matrices) are used to store
the beét paths found so far and the candidate paphs respectively. In
LOGNAP a modification which reduces the storage requirements has been’
made to the algorithm. Since only the desired number of paths need
to‘be stored,’both lists can be saved”in the same matrix. The best

“paths are stored in the -top portién of the matrix an& the candidates

in the bottom part. As each path is identified, it is’inserted in the
matrix at the appropriate position from lowest to highest cost and any

" longer paths are forced déwn in the stack or even dropped. Upon completion

of each iteration, the shortest candidate path is added to the bottom of

the permanent list by incrementing a row counter by one.



The basic steps in the alpil ‘ o
STEP (a) - find the‘shortest path th%o&gh Ehe
the shortest path between any two nodes was found usigg”k;iw
Elmaghraby's algorithm (see next section). o E
STEP‘(b) - for each subsequent path desired, chéck if the subpath

i &
between each node of the most recently found path and the :

origin node K;inclde with a portion of any previously found
paths. If so, set the duration of the activity following -
the match to a lArge'number. "
STEP (c)-t find the shortest path around the blockage to the terminal

node. bThis subpath becomes the spur.
STEP (d) - form a new path by joining tﬁe portion of the path behind

the blockage, the root, witﬁ the spur and add the path to

the list of candidates.
STEP (e) - select the shortest path from the list of candidates and add

to the permanent liét.
STEP (f) - continue at Step (b) until the number of desired paths has

been found.

Satisfaction of the I-J rule is necessary for Yen's-algorithm.
Before the paths are outputted, the original nodes are. restored using
the key developed in the node renumbering roﬁtine.

The formulation of Yen's algorithm used in LOGNAP is based
on a program GSPNA developed by Horne [67]. Although GSPNA is iess
effiCient than a second prbgram GMSP alsb prepared by Horme, storage
limitations méde it preferable on the computer used in this research.

The more efficient GMSP version of the algorithm can be easily adapted

for use in LOGNAP if run on a larger computer (>64K of core memory).
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3. 3 4 thmqghrabzﬁs Algorithm

' shortéijﬁt;th Between two specified nodes, e.g. Bellman and Kalaba (7],
;~¥ﬂ Lo , Dantzig [34§§7Dijkstra (361, Ford and Fulkerson [54], and Minty [109].

A 1969 review of shortest path algorithms made by Dreyfus [39] cofcluded

that the Dijkstra algorithm was thefmost efficient at that time. Other

i,
o

\'\w; ””F;vmgsgorte t tath routines have been devef%ped since 196g? e.g. Yen [160]
) and 6' egan [122], but while efficient, they are not general. ﬁoreover
these algorithms are concerné% with'the shortest path through a directed,
cyclic network. 4 .
The network developed for this research is directed but

contains no loops. The above-mentioned algorithms could be used in
&)
this application, but an easier approach exists since the network can ,

.

be numbered to satisfy the I-J rule.. Since only those activities whose- -
initial node equals or exceeds the origin node of- the path need to be

evaluated, half thelnumﬁér of additions and comparisons is required in

an acyclic network tompared to a cycl

By 1dent1fying the@optimal predecessor node, the initial node

producing the’ 1owest duration, the optimal path can be found by working

'

bapkwards through the network.

&

Elmaghraby [42, p. 10] proposed a dyngmic programming'algotithm

for the shortest path through a directed acyclic network which uses the

e ]

rjfollowing relationship'

v EN
v e o E | ‘ N
: R 03 “= mln} - j':(oi ¥ Dij) - - (20)
where: cj rifghé:duration of the shortest path at node j
‘D =‘the‘duratioh of the path between nodes i and j. ;

i3
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a-

?he following are the main steps in the formulation of

Elmaghraby

STﬁP-ga) -

STEP (b) -

¢

STEP (f) -

Y
Y

STEP (c) -

STEP\(d) -

STEP (e).—

. * L .
's algorithm used in LOGNAP: ' d

identify the minimum‘possible terminai number node for an -

.activity. Note that this is the initial node plus one,

since the terminal fhode of an activity must exceed the
initial node number to satisfy the I-J rule.

set the optimum predecessor to zero and the path cost to

infinity ";7“ . o

consider each activity to see if its terminal node is thehvw
mini“ﬁm*possible*,and if its initial node of the activity

is not less than the initial node for this path. 1f not,

—

continue Step (c¢) for the remaining activities.
test if the path 1ength from the initial node to this node

is minimal. If so, establish the new minimal path length

and optimal predecessor. Continue at Step (c) with the

remaining activities. o : T

when all activities have been considered, establish a new -

‘initial node, and continue at Step (a). When all nodes

greatér titan the ‘initial node of the path have been
examined, the length of the shortest path is known.
the nodes on the shortest path are found by working

backwards from the terminal node to the origin using

 the optimal predecessors'of each node. ™
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4. RESULTS AND DISCUSSION .
"

To illustrate the application of shortest path network

anaiysis to the selection of leaSt—eost forest harvesting systems,

b

several LOGNAP runs were made. These runs investigated the optimal
and near-optimal harvesting systems under a set of standard environ-

mental conditions. The effects  that changes in these conditions had

S i

~The expanded network dlagram shoyn in Figure 7 was used for

the runs. Thé netwerk. nons‘sted of 133 aétivitleS‘and\77 nodes, and

T

had 848 altetnative paths. The basic data for the activities comprlsing, —

& G
the network including initial. and final node numbety, acttivity descringgonsfqr.
— . , . ‘,ﬂ' *\fm‘%\ RS

— ., o

re summarized i ¥ -

—— \.»-‘.A.,A. el . ‘ | Q

Appendi} D. - s
The standard env1ronmental conditlons common to all actlvitles
were separated.into economic‘and’operating vaplables. These standard

parameters are summarized in Table 7. Excapt«where;noted in the
TTT—

i) 2
———

follow1ng sectlons these values for the varlables wvere used

The seetlons whlch follow describe\fhe\zg§ultskof the runs

" and suggestlons for fﬁgufe work,“ jj‘*%f; ‘ . wfqi\\\‘“\\\' o

g
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‘Table 7. Values of Variables Describing Stgghard Envlronﬁental
Conditions Used in the Sample Analysis., v
e , \\
FCONOMIC VARIABLES ~ o co
Int;rest Rate (%) ceerenvenenmaennnnnns eereraenes 12
. B .
Fuel Price ($/1itTe) «eveerivivenrenns ceeeeseie. 0,22
) -%ﬁ; Repair. Time In-Shift (% of total repqir time).... 85 l-
i B fringe Benefit Factor (% of hourly wage) ........ 35 )
;jt S InsunanSE%Rate‘Eactol (Z'of.unrecoVered»value) v 3 - o
| Rate'of Lostfﬁtility (%Z/year) ..;... .......... ... 30
OPERATING VARIABLES ~~ ~—— — "~ | i
e : ' . AP —
Tree SPECieS"""#""';f"""f“f'""'" Black Spruce I
___ Average Tree *Size (DBH in cm) +..... eeiieiee... 18
h ;Stand 5;531ty (m3/hectare) ....... *"K?"f"" 100 - .
Average Primary Transport Distance (m) ..lf ..... ».Vl§6h7'”7W":' “r
HaUliﬁg“Disténge - Road“Claés_l”(km) ...... e 96 : n
Hauling Distance - Road Claés 2 (km)-.;..;.f.;.;; 16 |
ﬁéﬁ Hauling Distance - Road Class 3 (km) ereess e . ;
S Average Slope (%) .L..............,l...[?.. ..... 0 o
_ ‘*‘-‘*f-“*‘“““‘f‘~—\—‘~f_g_\\h\\\\\\\\
. ’ - -\;é\\\
5 .



4.1 HOptimalIand Near—Optimal Harvesting Systems
LOGNAP was used to select the 50 Jleast- cost forest harvesting

system from the 848 ‘possible alternatives. Appendix E.1l contains the l
complete comp;ter output for this run. |

,_Fittyvpaths were selected.so as to ninimize computing time
and storage requirements. It was felt that?identifying additipnal
“ systems beyond this number would provide 1ittle benefit other than
satisfying curiosity. If’needed the costs of’non—selected systens
‘vcan be calculated using the activity: duration data from LOGNAP s output
On the‘Hewlett—Packard 9845B mini—computer used for_this
;research,pa‘run time;of approximately two hours was\required toxtrace
the 50 paths. ‘This relatlvely long computer run time is. attributable
‘to the small size of the computer rather than algorithmic 1neff1c1ences
A test run of LOGNAP-on a larger computer, an H.-P. 1000 suggests that

run times several hundred times shorter can be attalned ‘with the

programs..

Results of this run, vecifically the range in woods costs -
. P I B

»w1th1n the top 50 SWs;ems and/rhe actual systems selected, are discussed

in the next two;sections.~
4.1.1 Wood Costs
Wood cost data for the first 50 least-cost alternative

harvesting systems ar plotted in Figure 9. @he systems are ranked

in ascending- order bas bd on wood costs measured in dollars per cubic :

metre of’ tree—length wood unloaded at the mill site. Note that these
costs are based solely on machine rates and do nof include such costs

as roads, supervision and overheads. -

o'
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s

The cost curve in Figure 9 indicates 'that the tWQ systems
which produced‘the lowest wood oosts are‘significantly cheaper than
those subsequently seletted for the standard conditions. The two
best systems have wood costs 10 percent lower, about $l/m , less
than the third best system. Perhaps more 1mportant hgwever is that

‘the range in wood costs between System 10 and System 50 is also

b

. S 4
about $1/m3. A difference of only $0.40/m3 existed in the wood
costs of System 26 and System -50.

In other words, under the conditions modelled in this run,

wood tcosts are relatively insensitiﬁe to the actual system used. The

majority of alternative systems are’ not 31gn1ficantly cheaper than other

sYstems. Figure 10 shows that 80%vof the alternative sys ?

only about one thlrd of the total difference in woods
1

System 1 and-System 50. "

¥

&3 .
-~ N P
. Under these circumstancegf

network analysis to:identify both}

‘abég}B them rather than make additional capital éxpenditures. As such

[
'

identifying the ranking and costs of sub-optimal systems may be of equal

importance to finding the least-cost system.” . %

n
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4.1.%% Systems Selected

Table 8 summarizes the alternative subsystems among -the
50 least—cost systems as a means of identifying the types of equipment
K]

which offer the best alternatives. Totel frequency of selection for
. a

each subsystem are located at the bottomfof the table. Note that the

suBsystems which occﬁr'between landing and mill have not been included

since they are common to all systems.

e

The majority\of selected systems involve the*subsystems of
" felling and bunching, primary transport of bunched full-trees, and
.? LA delimbing at roadsidéu(\No\yartipular piece of equipment appears to

\ N NS — A
be shiperior for fulfilling the fell and bunch function. ,Grapple and

clam—ounk skidde;s appeared to be superior for the primarz transport
Staéeojﬁﬁbé&sﬁgeyﬁeliobinglwith flails waslclearly superior but the
%-'model does not 1nclude ‘any penalty costs for po:(/dellmblng quallty
The first fi&e 1east-cost éystems utllize a. swathing i
4% ' machlne presently under development whlch fells and primary, transports
combined w1th roads1de flail dellmblog.v This machine, offers signifi-
cenfly lower wood costs than presently avaiiaole systems under the
conditions where the machineucan operate. . Somewhat‘surprising was
the lowvranking of systems usiﬂg the similar feller—fofwarde; concept

(34th) although the machine has recently ¢ joyed considerable commercial

success.

BECE
]
i
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Table 8. Main Subsystems j_.n the 50 Least-Cost Alternative Harvesting Systems.

. ¢ - R v . §
g é « o g B E g ¢
® £ 2 o = = ]
s ) . .
| 3 : 3 g
g j ‘ ﬁ 8
£ g ] x © £
o0 s g @ g
$ I i
) SYBTEM . ét 4 4 4 a{ § 5
RANKING poB B E E & F ¥
‘ ] X x
2 X X
3 , X X
4 X X
s X X .
6 X X X
7 d X CX X
2] ' X X X
"9 X X, X
10 X X X
] X X x
12 X B X -
'3 e X X X R
14 i & X X X
. ¥ ,J&J X X X
x’h."
g ‘ g -
16 x e x X
; a7 X x X
- 8 X N X X
19 X X
20 x X x
21 x X x
) 22 X X X
23 X X
& 24, oy X X ’ x
h )z;_y X X X
‘26 ™ X x\\
27 X X . x
28 X 5 x / x
29 X X X
30 X, \ X X
4 \
34 X AN X
32 X - X X
33 5)( X b S
. 34 ! x X
35 X X X
= 36 X x x
. v \ 37 X X X
- ) 3a X X x
39 x X x
(‘\ 40 X X
, a1 - X x X
a2 X x X
43 TN x X X
44 X X x
a5 X x x
46 : X { X
4 a7 N X 'S X
a8 x x X
) 49 X x X
‘80 , T ~— - X X . X
TOTAL s 33 3 1 8 7 26 2 3 T I Y4
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4.2 Sensitivity Analysis B ' TN

The opereting environments of forest harvesting systems are
extremely variable. Economic conditions are continuellf changing. The
physical environment is seldom.constant even within alcut—bleck.~ Other
conditions set by manegement decisions are eubjeet to change.

Given this variable operating environment, identifying the

optimal and near-optimal systems is of limited value since the model

 parameters are fixed for any run. These parameters may be the best

estimates of present and future operating conditions, but‘they3remain
estimatéggyith uncertainty associated with them. Thus the solution of
i : 2 :

a practical problem is incomplete without investigating how changes in

_the operating environment affect the optimal solution.

Sensitivity enalysis, the study of how the parameters;affect

the optimal solution can be undertakenﬂusing LOGNAP.\ To illustrate how

’

sensitivity analysié could'be applied, several potentially important

parameters, energy prices and tree size, were studied. Sensitivity
. : %
analysis waé also used to determine the optimal operating zones for

4.2.1 Energy Prices E .

. 9. ’

The effects of energy prlces were chosen for evaluation®

harvesting systems..

because of their zslatile nature and potential scarcity. An analy31s

' -
of the historical impact of energy expenditures on wood costs suggested

that wood costs increase at about half the rate of energy price hikes

-on a constant dollar basis. This figure was used to account for the

impact of different fuel prices on all componenté of machine costs.
L)

Fuel prices weré€ then varied from $0 165/11tre and $0 44/11tre, the
"‘“’%M .

76
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upper figu;e being approximately double present coéts while holding
the other standard variables constant. Results of these LOGNAP runs
aré summarized in Appendix‘E.Z. ~

‘The ;election sequence‘of the standard systéms was greatly
affected by changes in fuel prices. Table 9 compafeS'the selecglon
sequence of alternative harvesting systems at various levels of fuel
costs. ‘The systems are numberedwbased on their ranking'under the N
standard conditions.

Whilg £he three ledst-cost systems maintaihed their rankings
over the range of prices studied, ébme systemé proved to be very
sensitive to energy price chénges.» For egample, a manual, "cut and
skid" s;stem«which ranked 19th under standard conditions was the fourth
chéapegt system ﬁhen fuel prices were doubled. A system ﬁhat was
ﬁnranked whenéfuel cost é%.ZZ/litre'was selected eighth whencfuéls
cQstﬂ$0.44/li§§;. Othér;so—caiiegz;énual.systems showed similar
dramatic’impfovements‘in théirArankings. ]
 The_overa1l effect of a doubling in energy prices was a 677

increase in wood costs for the least-cost system. " The ove e
" - \ ’ ;

of the system cost curve (Figure 10) remained similar but was shifted

g

upwards with higher energy prices.
Undertaking sensitivity analysis with LOGNAP was eésy.
Only bne equation and one standard variable required changes to

determine the effects:of energy prices on the selection of the

. i

least-cost syst%ms.
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‘%ﬁ.Z.Z Average Tree Size ' N

?

" 4 One of the most important operating variables affecting

N :

. % system.performance is average tree size. It enters activity duration
N ] '

Y
LI

oot :
calculations in the cycle time equations for many machines apd in the

hourly éroductivity equation (#18). ~To study the sensitivity of
systems selection to this variable, a series of LOGNAP runs were made
varying tree diameters at breast hei;ht between 12 and 30 centimeters.,
Results of these runs are summari;ed in Appendix‘E.3.

Figure 11 illustrates the obser?ed effects of average tree
si%e on the least-cost system selection. While thé swather with roadside
«flail delimbing remained optimal over most of the range invgrée size,

a tractor-mountéd shear system was the least-cost system with trees °
greater than 26 cm DBH: This system however; exhlibited great sensitivity
to average tree'size; ) N

A swather—baseé/system‘with a roll delimber was optimal
with very small treeé though'very marginally ($0.01/ﬁ3). In actual
pr;étice,'it isAunIi?ely that this system would be utilized since a
stand of trees witﬁ.a 12 c¢m diameter is on thé borderline of
mérchantabilityu | ’ : | 9

Rn;advan£age of the shortest path p?twork gnalysis'approach
to system selection is apparant from this example of seﬁsitivity
analysis. Predictiogiequafions of non-linear form ;re easily incor-
porated into the model without the need for approximation using line
segments as mathematical programming approacﬁés Qouid require. Three
or four segments Qould be necessary to accurately describe the cost
chrve of the:tractor-mounted shear system, but only one équationiwas

4

needed using: LOGNAP.

79
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4.2.3 Optimal Operating Zones

One pbtential application of sensitivity analyéis with LOGNAP

is to identify the optimal operating zones for harvesting systems. To

illustrate such a use, sensitivity analyses were conducted on a range

of average tree sizes and stand densities. These parameters were varied
across the range of conditions typically found in Eastexn Canada: tree.
diameters at breast height ftom 12 to 30 centimeters and‘stand volumes
from 60 to 180 cubic mitres/hectare. The results of these LOGNAP runs
are summérized in Appendix E.3. |

Both stand parameters had a signifidanﬁ iﬁpact on the sequence>
of systém selection; Many systems whiéh ha& not been selected in the.

previous analyses became optimal.or near-optimal. Over the range of
. : i - v

parameters examined, wood costs more than doubled. Table 10 summarizes

. the wood costs for the three systems which became optimal over conditions

studied. ' h e

.

Three systems were optimal for practical purposes under some

combination of stand density and tree size. A fourth system was optimal

with very small trees as discussed in the previous section but will not
4 ' - . .

be considered. The swather-roadside flail system was the least-cost

system over much of the range. A tractor-mounted shear with tracked

cable skidding and roadside flail delimbing was optimal with large trees

.and low densities. A manual fell, tracked cable skidder aqd roadside flail’

system was the least-cost system with an average tree diameter of 18 cm
- \ * )

‘and a stand density of 60 m3/ha. TFigure 12 combines the response

surfaces of the three systemé. The shaded areas outline the conditions

under which each system is optimal.



Table 10. Wood Co’sts ($/m3) for the Least-Cost Harveéting Sys/t/ems
Under Varying Stand Volumes and Average Tree 3zes J
N R . /

/

STAND VOLUME
(m3/ha)
. 60 100 140 180 »
12 10.79 | 9.62 9.12 8.84
18 | = | 7.88 | 6.71 6.21 5.93
\ E:E .
5 .
26 | B 6.78 “5.62 |g 5.12 |  4.84
30 649 | 5.38 5.19 4.60
12 | % 32.73 31.43 | 30.64 30.11
N N :
LBl 18 |'g®|  10.69 - 10.27 - 9.97 9.73
=3 = /M
x o Z <q
o . :8 Q o
9E 24 | %9 6.16 6.05 |* 5.9% 5.83
28 £5 S ‘
< |30 |3 4.84 - 4.79 4.74 4.70
E_| .
12 o 29.82 | 29.82 | 29.82 29.82
:2 g .
S '
18 | 34 9.70 9.76 | 9.70 9.70
=] '
<
é ) .
24 | 28 6.09 6.09 6.09 6.09
O
s
30 = 5.15 5:15 5.15 5.15




D Swather System
D Tractor-Mounted Shear System
Manual Fell System

wOO0D COST (#/63) :

x..._.._

Figure 12. Least-cost harvesting systems under varying stand volumes
and average tree sizes. .
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4.3 Program Modifications and Extensions

Several modifications could be made, to LOGNAP to iﬁprove-the

r

accuracy and usefulness of the program. .The following are some areas
4

A

for further work.

4,3.1 Costing Models : .

The costing model used in this research while more realistic
than many used in'the past e.g. [15] could 'still be improved. The

treatment of equipment salvage values and repair costs in particular

need refinement.

ki
-

The assumption that a machiné's saivage value equals what is
in effect its undepreciated worth is not realistic in the 'present used-
Imachinery market. Price gécalakions, largely due to a higﬁ inflation
rate, have recently been so rapid that salvage values of equipment
trade-ins may equal or exceed the original purchase prlce. Studies of
1ogg1ng equipment salvage values over time are not avallable.

A similar situation exists with repair costs. ThOugh some
companies cén establish long—te;m repair costs, these are not generally
available. This researéﬁ‘assumed a long-term average cost for repairs.
While this approach giveé.reason;ble estimates of total expenditures,
it may not provide a good‘pictgre-of the . actual timiﬁg of these costs.
Witﬁ a cash flow-type model, timing is a éritical concern.

<~ -

The development of an after-tax cash model should be considered,
although machine costing is presently done on a before-tax basis in the

Canadian logging industry. This approach would\provide a better approxi-

mation of the company's actual cash flow.



The programming of several alternative costing models so that
users could select the approach they wish to use may be desireable.
Cash flow models might also incorporate estimates of future cests for

things such as energy‘and inflatien.

4.3.2 Pro&uctivity Equations

T
While the equations used to predict p;oﬂuctivity represent the
bqe&ravailable inform?tion, they wereqfrequently found to be deficient.
In most cases for example, ;o relationship had been established for slope
or soil conditiéhs though sgsh must exist and'exercise a ma&oryinfluence
on the system selected. Most machine studies do not examine sufficient
¢

stand and terrain conditions to quantify the impact of these variables

v

., on cycle times.

In other cases the equations used were taken from studies of
prototype machines and old models. Whether these relationships apply to
present equipment is debatable. Certainly the establishment of accurate

relationships between cycle times and various operating conditions is

" necessary to minimize the selection of non-optimal systems.

L]

An alternative would be to model the physical’relatiGnships
involved with a working machine and derive cycle time estimates by
calculation rather than from observation.

4.3.3 Data Set Edit Routine ‘

No changes were made iﬁ the basic data set during the sample
application. As presenély programmed, such changes could only be made
by complete re-entry of tHe data using the INPUT'program. A roﬁtine for
editing the déta set would be a useful addition to LOGNAP. This would
permit the deating of purchase brices and labour rates, and evaluatioﬁ_

of .the impact of machine specific variables on systems selection.

i/

!
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4.3.4 Uncertain Activity Durations

Y

To compensate for imprecise costing aﬁd productivity estimages,
uncertainty could be incorporated into the estimates of activity duration.
A-probability distribution for the estimatpd cost of each gctivity using
optimistic, likeli and pessimistic g§timates of duration as is done
with PERT could be established. The expected cost and a variance measure
for'any system could then be obtained. If a large variance is associated
with the sh;rtésf path, ‘or only small differences exist in the length™of"

- the sﬁortest and sub—sho%test“paths, improved system selection might be
achieved by consideriqg risk and minimizing*the uncertainty.

4.3.5 Negative Activity Durations

One advantage of Yen's algorithm is that the concept of a

-

negatéve'activity duration can be handled. This would permit compensa-
.tion for non—equivaleqf abtivities to be ipcluded within the netwprk.-
For example shear daﬁ;ge to tree butts\may produce 2
significant loss of value (10-15%) for fibre destined for lumbég [501,
but little loss in value if intended er(;ulpipg. Penalizing shearing
equipment using a negative duration wéuld place both the equipment and
product‘on:an équiv;lent ba;é. Similarly an expaé&ed network of all
tyﬁes,of harvesting systems could be prepared with'a compensa;ing

activities to place’ all systems to a common basis. Limbing quality

is gnother area where the concept of penalty costs could be incorporated.
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4.3.6 Optimal Operating Layouts

Comparisons made witﬁ‘LOGNAP*at present are based on all
systems operatipg under the %ame iogging layouts. While this may be
neéessary for selecting systems for particuldr situations, costs
when all equipment is operating under thimal layouts cén‘be useful

particulérly,for'planning purposes. L * o
[

The treatment of average primafy %F‘?uﬁuTydistance in the
’ *»}\’ ‘L o

{ . R . i 'Y ? el
present model illustrates the probiem;?4&&5%;?’5ﬂ%¥liﬁtance was assumed
: PR 1 :
-‘«f P 41

Vin
o 2 Wi

for all primary‘transport equipment. However if this distance is not
;ptimal for a particular machine, any system using thaé machine could
produce wood at a lpwerAcost with appropriate layout changes. At the
same fime,‘road cosfs coﬁld be inecorporated in the‘model.
Modification of the program to permit selection of systems
) .

operating under optimal layouts is desirable.

4.3.7 System Balancing

LOGNAP ideﬁtifies the equipment which wou%d produce the lowest
cost wood. It does not ponsiderAthe pfoblem of how many of eachimachine
type is necessary to:ﬁeet organizational goals. Further work could
incorporate the optimal system in a mixed-integer mathematical program-
mipg model which balances thevsystem within overall company objectives.
Severai'gorest ﬁarvesting simulators which are capabie of modeling most:

systems e.g. [69; 152] could also be utilized to balance the system.
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. O. SUMMARY AND CONCLUSIONS

Alternative methods of delivering tree-length wobd to a
processing plant wereyoutlined as a directed, acrylic network diagram;
Completed operations were represented by nodes in the network. Arcs
joining the nodes described possible sequences of activities for
fulfilling the system's function.

The duratién of'é;ch activity, measured in dollars per éubi;

metre of wood produced, was estimated using the hourly costs and

productivity of the equipment and labour involved. Hourly costs were

calculated on an annual equivalent basis using a before-tax cash flow-

model of capital and operating costs. Productivity estimateé«.v

cycle-time prediction equations derived from time studies, and
parameters such as tree and load sizes to characterize the operating
environment and the equipment.

A package of computer programs was Qeveloped to select the

optimal (least-cost) and near—optimal systems using shortest path

network analysis. The systems were identified using Yen's algorithm
[159]_t0i&1nd a specified number of shortest paths. ' The shortest
distance and nodes on a path between some node and the network's
terminal node were founé using a dynamic programming algorithm
proposed by Elﬁaghraby 427, -

Of the alternatives modelled, those systemé using a feller-
forwarder bas#d on the sQathing principle produced the 1owe$t wood
cost under most conditions. A system consisting of a swather and
flail delimbing at roadside.was the least-dost system over a wide .

range of energy prices, tree sizes and stand volumes. A tractor-
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mounted shear system produced the lowest cost wood under conditions of
low stand volume and large tree size. The widely used manual felling
system was the leaét—cost system with trees diameters of about 24 cm
and low stand volumes.

+« Shortest péuh network analysis proved to be an exgellent means
of i?entifying least-cost forest harvésting systems. A network diagram
in itself is a gseful aid to visualizing the sequence of actiwities and
overlooked alternatives for meeting a system's fdnction. Given the small
differences observed between the wood costs of most systems, the identifi-
cation of more than the least-cost system is highly desirable. Sensitiv;ty
analysis is easily and quickly éompleted.

Perhaps the greafeSt édvantage of shortest path network analysis

is that a great number of alternatives can be defined in terms of standard
estimating equations, minimizing the time spent defining the problem and

maximizing the understanding of non-technical personnel.
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APPENDIX A
PRICE INDICES USED TO DEFLATE COST STATISTICS

A.1 Consumer Price Index

The €onsumer Price Index (CPI) is applied to total annual
wages, so that employee earﬁings can be ;ompared on an equal buying-
power basis over the time frame. CPI values for 1960 to 1978 are

tabulated in Table A.l. These values were applied to calculate the

"Average Wage' column in Table 1.

A.2 TForestry Machinery and Equipment Index

The Forestry Machinery and Equipment Index (FMEI) is applied
to capital expendituréé on 1oéging activitieslto permit the comparison
of capital investmenfs made at different times on an equal basis. FMEIL

values are tabulated in Table A.1l. These values were used to equate the

i capital expenditures in Figure 4.

4 "

A.3 Impiicit Price Indices for Gross National Producﬁ

The Implicif Price Indiczs (IPI) permit the:comparison of
costs‘composed of ﬁany indirectly rela{ésgitems. The effects §f all
variables included in the Gross Natipnal ?roduct are averaged, permit-—
ting unrelated costé to be compared on a common basis. IPI values are

tabulated in Table A.l. These values were applied to standardize woad

103

costs in Figure 3, and the productivity indices in Table 2. \\\



Table A.l. Price Indices for the Years 1960 to 1978 [146; 148; 151].

CONSUMER

FORESTRY

veAR PRICE HACKTNERY AND Trice
INDEX INDEX INDEX
1960 74.3 83.6 71.0
1961 75.0 84.8 72.4
1962 75.9 87.3 73.4
1963 77.2 904 74.8
1964 78.6 96. 4 76.6
1965 80.5 100.7 79.1
1966 - 83.5 101.0 82.6
1967 86.5 94.6 85.9
1968 90.0 91.5 88.7
1969 94.1 94.2 92.6
1970 97.2 97.4 96.9
1971 100.0 100.0 '? 100.0
1972 104.8 102.8 104.8
1973 112.7 107.1 113.4
1974 125.0 122.2 129.4
1975 138.5 142.2 148.8
1976 148.9 149.0 . 163.3
1977 160.8 161.7 171.4
1978 175.2 180.7 182.3
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APPENDIX B

EQUATIONS USED TO CALCULATE CYCLE TIMES

B.1 Formulae for Common Variables
Percentage of grapple area occupled by full-tree stems [82 1|,
PACKINGFT (decimal 7) = 0.188 + 0.0213 x DSH {cm)
Percentage of grapple area occupied by tree—-length stems [82].
PACKINGTL.(decimal 7) = 0.440 + 0.0213 x DSH (cm) ‘ y
Average travel distance (DIST)

DIST (m) = Wander Factor x Average Primary Transport Distance (m)

n

1.4 x APTD
Number of trees per hectare (NTPH)

Merchantable Volume per Hectare (m3/ha)
Merchantable Volume per Tree (m3)

NTPH =

Machine payload [154; pp. 60-64]

T (TE - R x TW) ’
FS - T x R x P

Payload =

where: T = traction coefficient

TE = tractive effort (kg)

FS - skidding coefficient

R = rolling resistance coefficient

TW =) tare weight (kg)

P = proportion of payload supported by skidder
Number of trees per cyclé

B Payload (kg)
" Weight per Tree (kg)

NT

or
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Rated Boom Capaclity at Maximum Reach (ﬁ&))

tever LA
nteger ( 3 x Welght per Tree (kg)

or

¥

b x Grapple Area (cm’) x PACKING
Integer ( % DBET (emd )

é

B.2 Fquations for Various Tree Parameters
Regression equations for the tree parameters needed In the
cycle time prediction equations are contained in Tables B.l through

B.5 for the four main softwood species of Eastern Canada.
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B.3 Cycle Time Eduations
1. Feller-buncher, wheeled, shear - Forano BJ-20 [131]
CB{&? = 50, + 212 x MV
2. Fellér—buﬁcher, tracked, shear - DrgtthO [127]
CT(2) =‘40 + 21.2 x MV

3. Feller-buncher, multipie—tree shear - Koehring KFB4 [85]

o 1135
NI = INT (i) + 1
CT(3) = 49.4 - 7.2'x NT + 42.4 x MV

4. TFeller-buncher wheeled, shear - Melroe Bobcat 1075

« 3460

° CT‘(l#) = 43 + -N—;r—Pﬁ .

5. Teller-buncher, wheeled, saw - Kockums 880 [10; 463

CT(5) = 40 x e (DBH/1065)

6. Feller-buncher, tracked, saw - Drott 40 [50; 127]

™

CT(6Z =40 + 113 x MV
7.” Feller-buncher, tracked, auger —-Drott 40 [51; 127]

CT(7) = 40 + 113 x MV ‘
8. Feller-buncher, wheeled, multiple—trée saw - Hydro-Ax Swather

PR 1600
eI GRS 11
CT(8) = 70 + 0.70 x SLOPE - 7 x NT

9.-16. Dummies

~

17. Fell - man with chain saw [154]

¥  cr(17) = 0.650 x peu 1-8L.

18.  Fell, tracked shear - Caterpillar D6- [29]

_ 6000
; CT(lg)“ 95.46 + 0.085 x NIPH : >

19. Fell, tracked saw - FMC 200 with feller-director [84]

CT(19) = 60 + 116.5 x MV



-,

20.

i

Fell, tracked saw - Caterpillar D6 [29]

6000
90 + 0.085 x MV

CT(20) =

21.-24. Dummies

25.

265

Delimb stumpside (loose) - Logma T-310 [129]

22725

NTPHE + 24.7 x MWV

CT(25) = 27 +
Delimb stumpside (loose) - Drott 40 with roll delimber [45]

CT(26) = 53 + 14 x MV .

27.-29. Dummies

30.

31.

s

Fell and delimb - man with chain saw [154]

§ ,
CT(30) = 0.55 x pBE 1°8 & 0.17 x pBH 2+4?

Fell apd delimb - John Deere 743 [49]

CT(31) = 58 + 0.86 x ML

32.-33. Dummies

34.

35.

36.

Fell, delimb and bunch - Timberjack TJ-30 [130]-

CT(34) = 66 - 0.60 x SLOPE + 102.4'x MV
\
Fell, delimb and bunch

CT(35) = 66.4 + 14 x MV

Fell, delimb and bunch - Drott 40 with Timmins head [45; 471

CT(36) = 62 + 98 x MV

37.-39, . Dummies

40.

41.

42.

-t

’Delimb stumpside_(bunched) ; Logma T-310 [129]
CT(40) = 35 + 102.4 x MV
Delimb stumpside (bunched) - GLFP/NESCO flail [66]
CT(41) = 40 wg
belimb stumpsidé (Bunched) - Drott 40 witﬁ Timmins head [45]

CT(42) = 30 + 38.5 x MV

43.-45, Dummies

Koehring KFB4 with Timmins head [85; 451

111



46.

47.

48.

49,

50.

51,

Primary transport (bunched full trees), wheeled,
John Deere 540 [56]

0.55 (6375 - 0.50 x 7580)

Payload = e 055 x 0.5 2 0.5 = 2775 kg
_ 2775
NT = INT (WT?T)

NT

Primary transport (bunched full trees), wheeled,
John Deere 740- [56]

0.55 (11365 — 0.50 x 12135)

Payload = = 3= ("55 1 0.5 x 0.5 ~00°
_oyp (5685

e = INT Gppp)

CT(47) = 32 + 229 x MV + 200 + 2.5 x DIST

NT

‘Primary transport (bunched full-trees), wheeled,

John Deere 540 ([19]°
4 x 8082 x PACKINGFT
. ™ x DBH?

322 + 2.5 x DIST
: NT '

NT INT ¢ )]

CT(48) = 22.6 x MV +

Primary transport (bunched full-trees), wheeled,
John Deere 740 [191

4 x 13935 x PACKINGFT
m % DBH?

400 + 2.5 x DIST
NT

NT )

INT (

22.6 x MV +

CT(49)

Primary Transport (bunched full-trees), wheeled,
Timberjack 520 ([128]

} 4 x, 32515 x PACKINGFT
Ni - INT'( " m x DBH?

328 + 2.85 x DIST
’ NT '

X

CT(50)

162 x MV +

Primary Transport (bunchedvfull—trees), wheeled,
Koehring KF2 - [85; 48; 65] ’

_ 29000
N = INT (gpgp )
CT(51) = 35 + 52 + 5.84 x DIST

NT

cable skidder -

[}
™~

cable skidder -

kg

grapple skidder -

grapple skidder -

claﬁ skidder -

forwarder -

112
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" 52,  Primary Transport (bunched full-trees), tracked, cable skidder -
FMC 200 [84; 132]

) 6200
NT = INT ()
cr(52) = 1200 ¢ 2&%6 x_DIST

53. Primary Transport (bunched full-trees), tracked, clam skidder -
FMC 200 [84; 132] ‘

4 x 13285 x PACKINGFT,

NT = ( T x DBH? )
CT(53) = 1050 + 2,36 x DIST
NT
'54.-61.  Dummies
62. Primary Transport (loose full-trees), ﬁheeled, cablé skidder -
John Deere 540 [56]
B 2775
NT = INT (WTfT) .
CT(62) = 40 + 229 x My + 227+ 2.5 x DIST

NT

v

63. Primary Transport (loose full-trees), wheeled, cable skidder -
John Deere 740 [56]

- N 5686,
N = INT Grpp)
CT(63) = 40 + 229 x My + 2211 B2 % DISZ
64. Primary Transport (loose full—treeé),‘wheeled, clam skihder -

Timberjack 520 [128] -

4 x 32515 x PACKINGFT

NT = INT ( — DBHZ )
CT(64) = 200 x MV + 600+ 2.85 x DIST
NT .
65. . Primary Transport-(lOOSQEfull—trees), wheeled forwarder -

Koehring KF2 [85]

INT (égg 0y

+ 52 + 5.84 x DIST
NT

NT

CT(65) -

11

55
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66. Primary Transport (loose full-trees), tracked, cable skidder -
‘ FMC 200 [84; 1321

: -~ 6200
NT T INT (WTFT) |
cT(66) = 1350+ 2&%6 x DIST
67. . Primary Transport (loose full-trees), tracked, clam skidder -

FMC 200 [84; 132]

4 x 13285 x PACKINGFT

NT . T x DBH?

INT ‘ )

1300 + 2.36 x DIST
NT

CT(67)

68.-73. - Dummies °

74. Fell and Primary Transport, shear, skid - Timberjack 520 with
head [128; 451

4 x 32515 x PACKINGFT
T X DBH?

1000 + 2.85 x DIST *
NT

NT

INT ( )

CT(74) 50 +

75, Fell and Primary Transport, multiplé—tree shear, forward -
Koehring KFF [85; 48; 65]

B 29000,
NT f INT (ﬁﬁfi—)
N 52 + 5.84 x DIST

NT

CT(75) = 49.4 +42.4 x MV

i1l

~ 7.2 x (INT (3 1135 Y+1)

x WIFT

76. Fell and Primary Transport, multiple-tree saw, forward -
Koehring KFF ([85]

29000
WIFT

49.4 + 52 + 5.84 x DIST + 55 x MV

NT © = INT (

)

1

CT(76) NT

’ 1135 I
- 7.2 x »(INT' (3——{%—,1,’)+1)

77. Fell and Primary Transport, saw, forward - PAPCO Swather

CT(77) = 10000/(1.02 x NTPH)
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78.~81. Dummies |,

82. Primary Transport (loose tree-lengths), wheeled, cable skidder -
John Deere 540 [56]

(6375 - 0.50 x 7580) _

Payload = 2225 2 05 s 5 o606 - 2690 ke
NT s IND G - -
CT(82) =30 + 229 x MV + 257 + 2&; x DIST
"83. Primary Transport (loose tree-lengths), wheeled cable skidder -

John Deere 740 [56]

- 0.55 (11365 - 0.50 x 12135)

Payload = §75570.55 x 0.50 x 0.60 ~ '°/° K&
= 7570
Nt = T (WTTL
CT(83) = 30 + 229 x MV + 257 + 2&3 x DIST
'84. Primary Transport (loose tree—lengthe), wheeled grapple skidder -

John Deere 540 [l%]

4 x 8082 x PACKINGTL

NT = INT ( T % DB )
CT(84) = 22.6 x MV + 600 + 2.5 x DIST
NT
\
85. Primary Transport (loose tree—lengths), wheeled, clam skidder -

Timberjack 520 [128]
4 x 32515 x PACKINGTL)
T x DBH?

600 + 2.85 x DIST
NT

NT INT (

1

CT(85) = 175 x MV +

86. Prlmary Transport (loose tree—lengths), wheeled forwarder -
Koehring KF2 [85]

29000
WITL

52 + 5.84 x.DIST‘
T :

NT = INT (

)

CT(86) = 55 +

e

}



87.

88.

89.

96.

97.

98.

99.
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Primary Transport (loose tree-lengths), tracked, cable skidder -

FMC 200 [84; 132]
. 6200
NT = INT (05)
or(87) - 1350 + 2.36 x DIST

NT

o

L4

4

Primary Transport (loose tree-lengths), tracked, clam skiddér -

FMC 200 [84; 132]

INT (4 x 13285 x PACKINGTL

NT - ™ x DBH? )
1300 + 2.36 x DIST

CT(88) = NT

Dumﬁies

Primary Transport (bunched tree—lenéths), wheeled,

John Deere 540 [56]
_ 3690
NT = INT (ﬁfff)

t

200 + 2.5 x DIST
NT

CT (96)

il

30 + 229 x MV +

Primary Transport (bunched tree-lengths), wheeled,

John Deere 740 [56]
N = IV Gy
CT(97) = 30 + 229 x MV + 200 + 2.5 x DIST

'NT

Primary Transport (bunched tree-lengths), wheeled,
John Deere 540 [56]

4 x 8082 x PACKINGTL

NT = INT ( e )
CT(98) = 22.6 x MV + 322 + 2.5 x DIST
v |

Primary Transport (bunched tree-lengths), wheeled,
John Deere 740 ([56] ‘

4 x 13935 x PACKINGTL

NT - INT ( m x DBH? )
CT(99) = 22.6 x My + 200 4 2.0 x DIST

NT

ki

cable skidder -

cable skidder -

grapple skidder -

grapple skidder -
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100, Primary Transport (bunched tree-lengths), wheeled, clam skidder -
Timberjack 520 [128]

" 4 x 32515 x PACKINGTL

M = INT m x DBH? )
CT(100) = 162 x MV + 328 + 2.85 x DIST

NT

101. Primary Transport (bunched tree-lengths), wheeled forwarder -
Koehring KF2 [85]

- 29000, -
NT = INT g )
CT(101) = 35 + 52 + 5&24 x DIST

102. Primary Trénsport (bunched tree-lengths), tracked, cable skidder -
FMC 200 [84; 132] .

3 6200
NT = INT (pmp)
c1(102) = 2200 % Zﬁ;6 x DIST

103. Primary Transport (bunched tree-lengths), tracked, clam skidder -
FMC 200 [84; 132]

4 x 13285 x PACKINGTL
7 x DBH?

1050 + 2.36 x DIST
y NT :

NT‘ INT ( )

1

CT(103)

4

104.-111, Dummies
112. Delimb roadside — Logma T-310 [129]
CT(112) = 38 + 10.6 x MV
113. Delimb roadside - Harricana [52]
CT(113) = 45
114. Delimb roadside - Koehring KBL
CT(114) = 50
115. Delimb roadside — Drott. 40 with Timmins roli delimber [47]

CT(115) = 20 + 49.4 x MV
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116. Delimb roadside - Hydro Ax 500 flail [53]
CT(116) = 18
117. Delimb roadside - Hydro Ax flail system [53]
CT(117) = 26
118.-121. Dummies '
122. Loader sprea&ing bunch for delimbing - Tanguay 14030 [53]
CT(122) = 20
123. Delimbing touch-up - man with chain saw
CT(123) = 15

124, Harvest and primary transport - Koehring KIL [85]

.- 20000
. NT ¢ = INT (g )
CT(124) =.75 + 52 + Sﬁga x DIST

125. Harvest and primary transport - Koehring KFF with Timmins head

[47; 85) ‘
| _ 25000
N = INT Gppp, )
 Gr(125) - 54 + 49 x My + 300 584 x DIST

NT
126.-127. Dummies

128. Load, tracked - Caterpillér 235 [811]
4 x 1000 x PACKINGTL

NT = INT ( m x DBHZ? )
_47.7 .
CT(128) = NT
129. Dummy

130. Secondary transport, douBle load on semi-trailer [81]

41000,
N? INT (WTTL )
190 + 86 x DISTRCIL. + 144 x DISTRCZ + 355 x DISTRC3

NT

1]

CT(130)



131.

132.

133,

Dummy

Unload - Rago
NT =
CT(132) =

Dummy

Wagne
INT (

300
NT

r [81]

41000
WITL

)

119
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APPENDIX C

E

COMPUTER PROGRAMS

C.1 Program Listings

The programs contained in this appendix maké up LOGNAP.
Internal storage limitations of the Hewlett-Packard 9845B computér
used in this wofk required that LOGNAP be broken into four segments.

The first program called "MAIN" is the master control
ﬁrogram controlling the branching to the other,module;, renumbering
the nodes to satisfy the I-J rule, and outputting the final shortest
path information.

The second program entitled "INPUT" is used to input and
store the basic network descfiption and costing information in a

file. On the particular ipétallation used in this work, data was

. stored on a floppy disk.

The third program callea "ACTDUR" calculates the hourly ,
cost at optimal machine life and hourly productivity for each activity.
These values are used to calculate activity durations. All three
values ére outputted with a description of each activity for each
set of standard variables. The cycle time equations contained in
subroutin; "PROD" are for the network used in this work.

The final program is "GSPNA". The programmed versions of

J
3§en's and Elmaghraby's algorithms are contained in this routine.
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C.2 Non-Standard BASIC Statements
The BASIC programming language implemented on the Hewlett—
Packard 9845 desktop computer is an enhanced version of standard ANSII
1 ~

BASIC. Yo assist readers unfamiliar with:H.—P. BASIC, a list of non-

standard syntax used in LOGNAP and an explenatioﬁ of its purposes

follows.,
Operators *
A ' ' Exponentiate- i
& String'concaﬁenation
Statements
P
coM - = Dimensions and allocates memory space for the
v specified variables in a "common'' memory area.
OPTION BASE 1 - Specifies that the lower bound of arrays begin
' ) with one rhther than zero. The first elemént
. _in array A is A(1). .
g .OVERLAP - Sets the computer to an overlapped processing
o - ' mode to.increase I/0 speed.
REM - Inserts non-exec¢utable remarks Kcomments) into
.a program. An exclamation mark can also be used
as a comment delimiter.
WAIT n .= Causes program execution to wait the.spébified
& number of milliseconds before it continues.
Functions
INT (expression) . Returns the integer portion of the evaluated
’ expression.
' LEN(string) ' = Returns the length of the string. \
LIN(n) . - Outputs a'carriage return and the speclfled
: _ number of“linefeeds.
PAGE ~ Outputs a formfeed. .
RPT$(string,n) .~ Causes the string to be repeated the specified
number of times. ' .
SPA(n) - Output the specified number of blanc spaces,
TAB () o - Output the next item starting in the specified
. : g position. ’ .
TRIM$ (string) -~ Delete any leadlng or trailing blanks from the
‘ ; string.
UPC$(string) ' - Returns a string of all uppercase characters.



Array Operations

v

‘MAT matrix = matrix

¥

MAT matrix = matrix
(expression)

MAT matrix = ZER

Mass Storage Opefations

. ASSIGN file TO #n
ASSIGN i#n TO *
CAT TO string array

CREATE, file,n,m

LOAD file - -

READ #l,n;variéblesx$\

Copies the value of each matrix element

into a second matrix. }

Performs an arithmetic operation on each
element of a matrix with the result becoming
the value of the cqﬁﬂgsponding element in
the result matrix. ™.

Sets. all matrix eléﬁengg to zero.

e
PR N T

Open a file for accessing.
Close a file.

Copies the mass: storage device catalogue ~-

" to the specific dtring array.

Establish a data file of n records of mvbytes
in length. : '

Place a program stored in»cqmpiled form into

_, memory.

“Positions read head to specified record

number to retrieve variable values.

(.).‘



&

APPENDIX D
NETWORK ﬁEFINITiON(AND COSTING- INPUTS
\ / ’ : \
The computer output éontaigéd'in this‘appendix summarizes
data for the netwofk shown in Figure 7 that was‘analyzed for ;his

research. The report was produced by the INPUT module of the LOGNAP

&
programs.

‘The first section.of the output summarizes parameters
which in effect identify the network's size. The second section
outlines the linkages within the network in terms of each activity's |

fnitial and final nodes and a description. The final section contains
/m) . ) 3

the data specific to each activity which was used in the calculation

. .
of activity durations.
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. APPENDIX E
COMPUTER RUN RESULTS
Computer output summaries of ruﬁé made using the LOGNAP
computer programs on the network summarized in App#ndix D‘follow.
Igdividual systems of equipment were.ranked in ascending ordér of
total cost per cubic meter of tree—lengtg wood unléaded”ét thé mill.

N
The appendix is sectioned as follows:

E.1l. Primary Computer Run
E.2. Senéitivit? Analysis - Fuel Price

E.3. Sensitivity Analysis - Average JTree Size-

and Stand Volume.

Note that a complete computer output of 50 shortestg
. - o :

for the primasy computer run. In the sections'relaf_g

-~ 3 w3 ; w :

analysis, only summaries of the%}

The node numbers def;'

r,

those shown in Figure 7.

Primary Computer Run

Results of the main computer ruﬁxare contained in this
’ » . K
section. Note that these results were also used as the standard

.

conditions in all semsitivity analysis. -

. . v ~

e
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N . . -

E.2. Sensitivity Analysis - Ehergy Prices

f Results of the computer'runs made - to determine the sensitivity
of fprestvharvesting systems to eﬁergy price variations are sﬁmmgri;ed
in this.sectisn. Table E.i. shows the fuel price assumed for each run.
Other standard variables were held constant at values used in the
primary run. ’

~

Table E.1. Fuel Prices A55umed‘}n the Analy31s of System Selectiomn
Sensitivity to Energ¥ Prices.

Fuel Price - - 7 of Standard , Computer Run

3/ X Price . - Number
0.165 7 i 75% . RUN 1
) - 0.22 4 | : 160% c | . " PRIMARY RUN
| . 0.775 ‘ ‘ 125% . RUN 2
b.33 T 1507 RUN 3
0.385 st T o RUN' 4

0. 44 : 2007 . ~ RUN 5
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E.3. Sensitivity Analysis - Average Tree Size and Stand Volume

Results of the computer runs made to determine the sensitivity
~

’
of forest harvesting systems to variations in average tree size and

stand volume are summarized in this section. Table E.2. shows the
variable values assumed far each run.  Other standard variables-were

\

held conftant at values used in the primary run.

v
Table E.2. Average Tree Sizes and Stand Volumes Assumed in the
Analysis of Optimal Operating Zones.
TREE STAND VOLUME (m3/ha)
DBH
(cm) 60 100 140 180
%
12 RUN 1 RUN 2 RUN 3 RUN 4
18 RUN 5 PRIMARY RUN 6 RUN 7 _
24 RUN 8 RUN 9 RUN 10 RUN 11
30 RUN 12 RUN 13 RUN 14 RUN 15
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