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Abstract

The forest harvesting problem, FHP, is described. The diffeisreoglainedbetween
a strategicmodelthat setslong-termharvestinggoalsin termsof the total areato be
cut eachyear, and a tactical model that producesa short-term scheduleof actual
blocks.Reasonsre presentedor the desirability of an integratedmodel, embracing
both strategic and tacticdkcisionswhich is capableof optimisation.A brief outline
of one such model is giveA columngeneratioralgorithmis then developedo solve
the relaxedlinear programformulation. Finally constraintbranchingtechniquesare
utilised to obtain the desired optimal solution to the integrated model.

1 TheForest Harvesting Problem

Large plantations of exotic timber representan important assetof international
significance. The problem is fond an optimal harvestingplan taking into accountall
practicalconsiderationgoncerningboth economicand site-specificconstraints.The
task of formulating this problem as a mathematicaimodel and then constructingan
algorithm capable of finding a solution is called the Forest Harvest Problem, FHP.

A commercialproductionforestis subdividedinto units calledblocks. Each block
must be harvested entirely during one felling operation. The trees in admrest all
the same,anddo not grow at the samerate. However,thereis a strongtendencyfor
treesin the sameblock, which are planted at the sametime and get the same
management regime, to grow at a uniform ratecdptype is aset of treesof the same
speciesand seedlingtype, which obtain the samemanagementTrees of the same
croptype yield a predictable output per hectare depending on the year of
establishment and year of harvest.

A harvesting model is a mathematicatepresentatiormescribingthe salientaspects
of the forest situation and the likely resultsfollowing various harvestingdecisions.
Theseharvestingdecisionscanbe categorisednto two types. A strategic decision is
one pertaining to forest-wide data. For example,

“In 1998 harvest 188.4 hectares of pruned radiata established in 1971”,
is a strategic decision. The timber may be cut feoy block in the forest providedit
is of the designatectroptype. The strategic horizon refersto the length of time for



which strategic decisions are to be madeunsolutionto FHP. A tactical decision is
one concerning an actual block or specific part of the forest. For example,

“In 1998 harvest the trees in block 32/5”,
is a tactical decision. The trees todg must be preciselythoselocatedin the stated
block. Thus tactical decisionsare sensitiveto site-specific requirements,whereas
strategic decisions are insensitive.

The length of time for whiclactical decisionswill be madeis the tactical horizon.
Characteristically, @acticalhorizonis 2 to 6 yearswhile a strategichorizonis 30 to
100 years. Astrategic plan is a collection of strategic decisionsta&tical plan is a set
of tactical decisions. Aimtegrated plan containsboth strategicandtactical decisions.
A strategicmodel,suchasthat of Manley et al [3], is commonlywritten as a linear
programme. Unfortunately, strategic modétsnot generallyproducefeasibletactical
solutions. Tactical models usually contain integer variables.For example, that of
Sessions and Sessions [8] formulates FHP as a mixed integer programimenarses
a Monte Carlo integer programming solution process.

Instead of treating the strategic and tactical plans separately,ebentmodelis a
singlefully integratedmodelwhich dealswith both harvestingand road construction
decisions. A single optimisation proces#l solveboth strategicandtactical sections
of the formulation all at onc&.he main motivationfor this approachhasbeenthat it
offers the bestprospectof achievingtrue optimality. Previousmodelsof this type,
such as that of Nelson et al [6], were heuristic in nature.

2 TheModd

The main variablesare either continuousvariables .« , usedin the strategicpart of
the model, or binary integer variables,, used in the tactical part of the modEhese
are

defined in the following way.

Xt IS the number of hectare$ croptype c, established/ear e, harvestedn year

gin determines whether or not theh harvestingplan, which commencesn year
t
and concerns ropdvill be implemented.

For each of thesg,, variables there isad harvest plan comprising a set of all the
harvesting decisions to be taken pertaining to the set of blocks accessed the given
road. Here is a typical example.

“On road 17 fell block 2 in year 3, blocks 5 and 6 in year 4 and block 1 in year 5.”

Where blocks, such as 3 and 4 in the example, are not included in tHeargadtplan
it is implied that they will not be harvested during the tactical horizachsuchroad
harvestplan is representedy a unigue columnin the matrix representatiorof the
model. During the solution processmany suchplans may be constructedput in the
final solution only one road harvest plan will be allowed for each road.



2.1 The objective function

The strategic part of the objective function will contain terms indicating the
discountedncomeassociatedvith the continuousvariablesx.¢. The tactical part of
the objective will containterms indicating the discountedcosts associatedvith the
integervariablesg;,, . Theseare combinedto representhe presentnet worth of the
forest in relation to the various proposed harvesting plans.

2.2  Strategic constraints

The formulation of strategicconstraintshasbeenalreadywell developed,and some-
what standardisedManley et al [3] presentexcellentcommercial software which
takesraw forestry data, formulatesit into a linear programmewhich models the
strategicplan, andthen solvesit. As well asthe usualcomponentsfor sucha plan,
however,thereis a significant possibility of including some non-standardfeatures
such as the catchment constraints used by McNaughton [4].

2.3 Tactical constraints

A very greatdegreeof variation occurshere betweenpapersin the literature. The
formulation usedin the currentmodelis rather similar to the IntegratedResources
PlanningModel developedoy Kirby et al [2], with the importantdifferencethat the
present model has a column generation structure. The following binary variables are
required to model road construction.

I determines whether or not ropdill be operational by yedr

Simple road construction constraints, of the form
fit= > G 20,
n

ensure that the necessapadsmust be operationabeforeany harvestings to start.
The notorious adjacencyconstraintsare included explicitly, but in an aggregated
fashion similar to that advocated by Murray and Church [5].

24  Linking constraints

These crucial constraints contain a mixture of strategic real variables and wdribas
binary tactical variablesSo far, the formulation consistsof two disjoint parts, asthe
strategic continuous variables and the tactical binary variables have not jointly
appeared in any constraint. Sinceiategratedmodelis beingconstructedwhich will
be optimised as a single unit, it is essentialto introduce a set of constraintsthat
establishthe correct relationship between these two principal parts of the
formulation.

Constantsax, and sets of harvesting pla@y, are defined for these constraints.

a5k = the area of croptypeestablished in yearlocated in block on road.

Gj« = all possible harvesting plans in which bldcén road is felled in yeat.



One way the formulation of these constraintscould be attemptedis shown in
Equation(1). Here the expressionon the left-hand side representsall the timber
obtained from the blocks for which felling commences during tyear
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Unfortunately,Equation(1) doesnot representhe harvestingsituationaccuratelyin
that it assumesevery designatedlock is completely harvestedby the end of each
year.In practicetherearealwaysa few blocksin the processof being harvestedfor
which harvestingwill be completedat the start of the new year. Moreover, if
implementedthis equationcausesextremefeasibility difficulties due to excessive
tightness in the model. The solution of this problem involves adjustinigimeilation
of the linking constraints so that they model reality more faithfully. At the eeddf
year a few of the blocks are likely to be in the processof being felled, with the
operation completed

at the start of the new year. New continuous varialdgsare defined.

S« = the area of croptypeestablished in yeas; intended for felling in yeds,
but which is actually harvested in the following year.

The linking constraints then take the form

[
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In equation2 the left hand side representsthe combined area of all the blocks
designatedor harvestcommencingin yeart, plus the residue comprising the area
remainingto be harvestedrom the previousyear. The right hand side shows the
actualtotal areaharvestedn yeart, asthe strategicvariablex.y, alongwith the area
from the blocks irG;y which will be leftat the endof yeart andbe harvestedn year
t+1.

3 A brief description of the solution algorithm

A column generation algorithm is applied. The work of Weintraubet al [9] is
significant in this area. Each column generated represents a unique road haplasting
pertainingto one of the road segmentsn the forest. The techniqueby which this is
achieved involves the use efementarycolumns.The model containsone elementary
column for each block, for eachyear of the tactical horizon. So each elementary
column represents a road harvest plan consisting of one single harvesting débision.
column generating device uses the redumestsof theseelementarycolumnsin order
to find attractive combinations which form eligit#ateringcolumns.A featureof this
non-standard column generation technique is its speed of execution.

During the solution process the LP solving software alragésthe problemas
just one large relaxed LP. Integer solutions are obtained by a branch ancbocess
of the constraint branching type, similar to that developed by Desroetargl] and
Ryan [7]. In thepresentapplicationthis entailsusingthe setsG;y in the formulation
of branching decisions. For example, a typical branching node consists of a 0-branch
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Thus the 0-branch prevents the adoption of any road hagslasin which block k is
felled by year T. The 1-branchrequiresthat one of these harvestplans must be
chosenwithout specifyingexactlywhich of all the many eligible plans this will be.
One compelling reason for the use of constraint branching is the dramatic
improvement in computational time which resulfawever,this techniquecannotbe
applied unless the model has been formulated in an appropriate manneprestiet
casethe setsof road harvestplans, Gy, , havebeenbuilt into the modelfor this
purpose.

4  Resultsfrom a case study

and a 1-branch

This algorithm has been applied to the Whangapouarorest at Coromandel,New
Zealand.This is a production forest of 7365 hectareswhich is managedby the
ErnslawOne Company.Harvestingof this foresthasbeenmodelledwith a strategic
horizon of 30 years,along with a tactical horizon of 6 years.There are 38 road
segmentsand 145 blocks in the maturepart of the forest. A total of 132 pairs of
blocks shared adjacency constraints. Prior to the column gengpaticessthe matrix
representing the model contains 228%/s and 3380 columns.Thereare 1290 binary
integer variablesAs the columngeneratiorproceedsthe numberof columnsandthe
number of integer variables both increaseconsiderably.If conventional variable
branches had been used in the braaathboundprocessthenno optimisationwould
be possible,due to the immensecombinatorialcomplexity resulting from this large
numberof integer variables.However, the constraint branching performs very
effectively, delivering an optimal soluticxt a depth of about80 nodeson the binary
tree. Thecomputationatime involved is only about12 minutes.It is significantthat
the integer solution obtained this manneris over 99.95%the value of the objective
value obtained at the relaxed LP stage of the solution, prior to any branch and bound.
Thus the developmentof an integratedmodel for a large application involving
seemingly separate strategic and tactical sections has been vindicated.
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