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ABSTRACT

An optimization model for Timber Harvest PlanniffigHP) is used to form harvest areas with the objecti
of maximizing the tree harvest volume subject tovést regulations. Most optimization models for THP
currently in use are based on clear cutting antticésd to adjacency constraints to prevent thattoe

of large clear-cut openings in the forest. Howe\ar,optimization model based on selective cutting-
the cutting technique utilized in tropical coungribas rarely been described in the literature. dihe

of this study was to propose an optimization mddelTHP based on selective cutting and subject to a
maximum number of trees to be harvested and a mimimumber of trees to be damaged during each
planning period. The model was solved using threéndzation techniques to identify the most
suitable technique for use in the process of hdaraesa formation: Monte Carlo Programming (MCP),
Simulated Annealing (SA) and Threshold Acceptant®&)( The obtained results indicate that the SA
method provides better solutions than the MCP aAdniethods, regardless of problem size. As a
conclusion, the proposed model provides a tool énegate timber harvest plans with the improved
monitoring and control techniques used in harvgstiperations in tropical countries.
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1. INTRODUCTION protection. These spatial constraints include tflewing:
Patch shape and size, old forest issues, sitetisgpsand
One crucial problem of timber harvest planning adjacency constraints (Walters, 1997; Vieknhal., 2007).

involves selecting and grouping a number of harvest o
blocks to form harvest areas. This problem requiresl'l' Optimization Models for THP

managing a large number of harvest blocks and asidige Optimization models for THP formulate harvest
conflicts in management objectives while simultarshp areas with the objective of maximizing harvest wodu
addressing several inherent constraints (Walte®89,7)1 subject to spatial constraints that value the moivdr
Optimization models have been used to determine thanterests of a forest. Most of the previous modeis
optimum combination of blocks to form the harvestas based on a clear-cutting technique, restricted to
to be cut in different time periods. The objectafethe adjacency constraints and solved using optimization
model is to maximize the harvest volume subjesptatial techniques. However, the development of an
constraints that protect the non-timber value dbrast, optimization model for THP based on the selective
such as biodiversity conservation and wildlife Iatbi cutting technique utilized in tropical countriessharely
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been reported in the literature. Thus, the aimshaf population, which is created by changing the
study were to propose an optimization model based o combination of information in the base population.
selective cutting that reflects the cutting techeiq

utiized in tropical countries and to test three 13- Related Work

optimization techniques and identify the techniguest Various optimization models of THP have been
suitable for solving this problem. reported in the literature. Most of the models based
1.2. Challenges on clear cutting and impose adjacency constragtsh

as maximum opening size and green-up delay. The

As reported in the literature, earlier THP modélatt maximum opening size constraint is used to avoid
were developed based on a LP approach, such asreating large open areas in a forest with therclea
SPECTRUM by Grear and Meneghin (1997), focused oncutting approach. Thus, adjacent harvest areas are
maximizing timber production without spatial coastis. protected from being selected for harvesting dutimeg
However, because maintaining other forest values haplanning period. The green-up delay constraintthon
become increasingly important, various IP- and MIP- other hand, mandates the duration required foistiee
based models incorporating spatial constraints e  the selected harvest areas to grow and reach anomimi
reported in the literature (Goycoolea and Murra0= height before neighboring areas are selected gon#xt
Vielma et al., 2007; Constantinet al., 2008; Ohman and harvest (Boston and Bettinger, 2002; Ohman and sama
Wikstrom, 2008). Nevertheless, the performancehet¢é  2003; Croweet al., 2003; Goycoolea and Murray, 2005;
solution techniques is restricted by the compleritythe Vielma e al., 2007; Bettinger and Jianping 2008;
problem. The complexity of the THP problem depemds Konoshima et al., 2011; Nora and Toth, 2013). The
the size of the problem and the number of condfrain implementation of adjacency constraints aims tategto
imposed in the model (Lockwood and Moore, 1993). living species and their habitats from the varibogacts of
Thus, many researchers have proposed the usedtaf me clear cutting on forest landscapes, such as erasimh
heuristic techniques to solve large-sized problemsdeterioration in water quality (Weintragbal., 2000).
incorporating several spatial constraints. Many studies have proposed the used of optimization

Meta-heuristic optimization techniques are used totechniques based on mathematical programming and
provide feasible solutions in large-size and muftjective meta-heuristic approaches to solve the models.
THP problems. However, the limitation of these tohu Mathematical programming techniques, such as Linear
techniques is that they do not guarantee optiniatisos Programming (LP), are currently used to generate
(Baskent and Jordan, 2002). For example, MCPoptimal solutions in large forest areas without tisha
implements a basic random search known as a “blindconstraints, while Integer Programming (IP) and édix
search”. SA is based on the heating process ofatliye Integer Programming (MIP) have been proposed teesol
materials at extreme temperatures and the process oTHP models in smaller forest areas that incorporate
slowly cooling the materials to minimise damage spatial constraints.  Meta-heuristic  optimization
(Kirkpatrick et al., 1983). Lockwood and Moore (1993) techniques have been used for larger sized problems
first proposed the use of SA to solve the THP @bl  incorporating several spatial constraints; these
TA, on the other hand, seeks to improve the SAriecie techniques include Monte Carlo Programming (MCP),
by utilising an acceptance condition of poor solusi Tabu Search (TS), Simulated Annealing (SA), Thri&sho
based on a pre-defined threshold value (Dueck andAcceptance (TA) and Genetic Algorithm (GA)
Scheuer, 1990), rather than calculating the prdibabi (Lockwood and Moore, 1993; Bettinget al., 1997;
based on the current temperature, as is the cas&Wi 2002; 2003; 2007; Richards and Gunn, 2000; 2003;

TS uses memory structures called tabu lists tcestor Caro et al., 2003; Ohman and Eriksson, 2002; Lu and
potential solutions to avoid repeating the samegsses, Eriksson, 2000; Liwt al., 2006; Daniekt al., 2012).
distinguishing TS from other meta-heuristic teclueis|
TS is essentially deterministic because in tabts,lis 2. MATERIALSAND METHODS
previous search information is used to control the
process of improving the current solution to avoid 2.1. Model Formulation
becoming trapped in local optimization problems ) )
(Glover and Laguna, 1997). GA, which was introduced =~ The model proposed here is based on a selective
by Holland (1975), is based on an analogy to tliegss  cutting technique in which only trees that meet-pre
of biological reproduction. The GA approach can be determined criteria are felled. These criteria udel a
succinctly described as an initial population gatest at ~ Minimum Tree Diameter (MinTreeD) to ensure thatyonl
random and used as the basis of the formationeohdixt mature trees are selected for harvesting, a minimumber
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of residual trees for future stock in each blocknidstock) inputs in the harvest area formation process. Thdemn
to ensure the continuous production of timber, airmim formulations for each task may be described aeviall
number of trees to be cut in each block to enstoaamic
harvesting (EcoH) and a maximum number of trees
permitted to be harvested per planning period (AwhlYo The number of damaged trees is estimated using the
avoid excessive logging in the specified perioce Thodel  following steps:

can be divided into two phases: The pre-procegdiage

and the harvest area formation phase. + Determine the affected area based on the cutting
degree (CutDg):

2.3. Damaged Trees Estimation

2.2. Phasei. Pre-Processing Phase

The objectives of the pre-processing phase includeAffected area=1 if CutDg 0 and CutDg<90 (1)
estimating the number of Damaged trees (DmgT), _
calculating the number of residual trees with axditer ~ Affected area = 2 if CutDgP0 and CutDg<180 (2)

of at least 30 cm diameter at breast height (dion) f

Future Stock (FStock) and calculating the amourthef ~ Affected area = 3 if CutDgll80 and CutDg<270 (3)

Harvest Volume (HVol) based on the total number of

trees that can be cut (T2Cut) in each harvest block Affected area = 4 if CutDg 270 and CutDg <360  (4)
In this study, the pre-processing phase can beelivi

into two sub-processes: (i) estimating the numitiérees  The affected area is divided into four areas. Tiected

that can be cut and calculating the number of dashag area is assigned to 1 if the cut degree is in batveto

trees and (i) identifying trees to be excludednfrthe 89 degree (Equation 1). The affected area is asgigm

harvest if the number of residual trees for futsteck is 2 if the cut degree is in between 90 to 179 degree

lower than the minimum requirement (the tree-saving (Equation 2). The affected area is assigned tatf3eifcut

approach). The processes involves in the pre-psowgs degree is in between 180 to 269 degree (Equatiofir)

phase are illustrated Fig. 1. affected area is assigned to 4 if the cut degrem is
In sub-process (i), each tree with a diameter of atbetween 270 to 359 degree (Equation 4).

least 45 cm dbh is selected as a potential trdeetout

(PT2Cut). The analysis performed on each of thesest « Determine the tree felling direction:

involves estimating the affected area based ontrée

felling direction, identifying a list of trees thaire If Affected area= 1 or 3

located in the affected area, estimating the nunufer  ggjjing direction= ( affected area PO  Cut ®)

damaged trees based on the distance from the @btent

tree to be cut and estimating the number of resiteas If Affected area= 2 or 4

with a diameter at least 30 cm dbh for future stdtthe T (6)

number for future stock is sufficient, all the sethat  Felling direction= CutDg-(( affected area)x.

have been selected for harvesting will be felled tre

number of trees in the harvest volume can be etdiina The tree felling direction is determined based & t

Otherwise, we proceed to sub-process (ii). affected area. Equation (5) represents the forioualdb
In sub-process (ii), the analysis identifies any estimate the tree felling direction in affectedaaré and 3.

potential tree to be cut that causes the highesibeu of  While Equation (6) represents the formulation ttneste

damaged trees to be excluded from the harvest (#)Sa  the tree felling direction in affected areas 2 4nd
However, this process decreases the harvest voduntie . ] . .
increases the number of residual trees. The sacuegs *  Calculate the distance (Dist) of the neighborirgsr

is repeated until the number of trees for futualstis from the potential trees to be cut:
sufficient. If all the potential trees to be cutvhabeen .
excluded from the harvest, but the number of tfees  Dist’ = (Dx1- DxOY + (Dy1-DyOy (7)

future stock is still lower than the minimum reanrent,

then the block would be excluded from the harvéke Where:

outputs generated from this process include thebeum (Dx0, DyO) = The location of the potential treebt cut
of trees in the harvest volume and the number of(Dx1, Dyl) = The location of neighboring trees imet
damaged trees in each harvest block. These datemieec affected area
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(i) Estimate total
tree to be cut and
total damaged trees

®
|

(FStock

the residual trees]

(ii) Tree saving approach [exclude PT2Cut
that caused the highest damaged (T28ave) to

(T2S8ave)

[III a] if FStocks minimum
Requirement, perform the harvest

= Mature tree [ Protected tree [Damaged tree[ ] Common tree

Fig. 1. Pre processing phase

Equation (7) represents the formulation to caleulat
the distance of the neighboring trees in ordedaniify
the potential damaged trees.

» Calculate the number of damaged trees:

DmgT =1: if Dist< stem heigl (8)
where, stem height refers to the height of the ke
tree to be cut. Equation (8) represents the fortiwlgo
calculate the damaged tree. The neighboring trdebevi
marked as a damaged tree, if the distance is essthe
stem height of the potential tree to be cut.

2.4. Future Stock Estimation

Future stock refers to the residual trees with dians in
the range of 30 to 44 cm dbh. The formulation used
calculate the number of trees for future stockaicheharvest
block may be depicted as follows:

FStock= |y |i={1,2,...n} (9)

///// Science Publications 57

where, i refers to the block number and y refershto
residual trees with diameters between 30-44 cm. The
future stock in each harvest block is equal to ttital
number of the residual trees with diameter in betwe
30-44 cm (Equation 9).

2.5. Harvest Volume Estimation

Harvest volume refers to the total number of triees
be cut in each block. The harvest volume in eachdsa
block is estimated based on the number of trees for
future stock, as follows:

If the number of FStock is greater than the minimum
requirement, the formulation to calculate the harve
volume is:
HVol, =|t2cufi={1,2,.. 1} (10)
where, [t2cut| refers to the total number of trees
allowed to be cut in each block. Thus, the harvest

volume is equal to the total number of trees to be
cut (Equation 10).

JCS
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If the number of FStock is smaller than the planning period. The process involved in forming th
minimum requirement, the formulation to calculate harvest area is illustrated Fig. 2.

the harvest volume is: For example, if the variable EcoH is set to seven
. and the variable MaxHVol is set to 25, the harvest
HVol, =[pt2cuf -| 2save £{ 1,2.. Jn (11) areas may be formed by selecting and combining any

block in which the HVol is equal to or greater than
where, |pt2cut| refers to the total number of pgaén  seven. Thus, three harvest areas can be generated,

trees to be cut and [t2save| refers to the torabeu ~ With area_1 consisting of blocks [1] and [4], ar2a_
of trees to be excluded from the harvest. Thus, theconsisting of blocks [1] and [6] and area_3 comsgst

harvest volume is equal to the remaining number ofOf blocks [4] and [6]. The selected harvest arealldo
potential trees to be cut (Equation 11). include the highest number of trees to be cut it

lowest number of damaged trees. The model

e If the number of FStock is smaller than the formulation to form the harvest area is as follows:
minimum requirement and all the PT2Cut have been

excluded from the harvest, the formulation to o
calculate the harvest volume is: Max Q= ; HVol X, (13)
HVol;=0i={1,2,...n} (12) Subject to:
The harvest is equal to zero. This means that the
block is excluded from the harvest (Equation 12).  HVol; 2 EcoH (14)
2.6. Phasell. Harvest area Formation Phase n
> HVol, <AwHVol (15)

The objective of the harvest area formation phase i
is to combine a number of blocks to form the harves
area with the greatest harvest volume and the lbwes iDmg-ﬁ < MnDmgT (16)
number of damaged trees that adheres to thei=
restrictions of the minimum and maximum number of
trees that can be cut in each block and in a singleXi ={0.3} 17

Harvest Area Formation
Identify the most suitable blocksto form

Identify potential blocks for harvest based . :
the harvest area subject to the maximum

on the minimum number of tree that can :
Bafallod by ansure ot ceonomie number of tree that can be felled in one
harvesting (EcoH). - planning period (AwHVol) _

a1 - 2]

Hvol=6 | \ = |
e omg =16 = '- I i I
i P =] Vol =
Hvol=8 | Hvol=5 :"ff’_'_'_ﬁl .
DrgT =20 L Dmg=s ' ik L
is] — —
Hvel=10" @] |
LB BmgT=6 /HVol=15 | | (5]
W " DmgT=18 | \ thiol =5
HVel =35 - I | ' DmeT =10 -
DmgT =10 2
If EcoH= 7, potential blocks for harvest = [1,4,6] If AwHVol= 25, harvestarea= [4,6]

Fig. 2. Harvest area formation phase
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The symbol Q in Equation (13) represents the approach, the number of iterations is controllethgis

objective function that attempts to maximize théalto

temperature and the variables involved are start-

number of trees in the harvest volume subject totemperature, reduction-rate and end_temperature. Th

constraints  (14-16). Constraint in Equation
represents the minimum number of trees to be ceiaai

(14) implementation of the TA method in this study was

conducted based on the SA technique and the nuofber

harvest block. The harvest volume in each blocktmus iterations is, therefore, controlled using tempent

be greater than the minimum requirement to ensore f

economic harvesting. Constraint in Equation (15)
represents the maximum number of trees that can b&N
cut in one planning period. The total number of

harvest volume in one planning period is at mosta¢q

to the maximum number of trees permitted to be
harvested per planning period to avoid excessive

logging in the specified period. Constraint in Ejoa

with an additional variable to control the threshealue.
The value for each variable was determined based
the results from several trial-and-error
experiments. Therefore, the variable t was set45 1
and the variables start temperature, reduction_rate
and end_temperature were set to 10000, 0.09 and
0.001, respectively, for both the SA and TA
techniques. The threshold value was set at 10%ef t
AwHVol and the threshold value for the small-sized

(16) represents the lowest number of damaged treesproblem was set to-10. Meanwhile, the threshold
The selected harvest area for harvest has the towes,5j,e was set to -200 for the large-size problem.

number of damaged trees. The variable X in Equation

(17) is used as a decision variable. The value a$ X
equal to 1 if the block is allowed for harvesting;
otherwise, the value of X is equal to 0.

2.7. Data

The implementation of the proposed solutions
required seven additional variables, including
curr_HVol, curr_DmgT, new_HVol, new_DmgT,

MxHVol, MnDmgT and X. The variables curr_HVol and
curr_DmgT were used for the current values of HVol
and DmgT, respectively. The variables new_HVol and

The proposed model was tested using actual andhew_DmgT were used for the new values of HVol and

hypothetical data. The actual data were obtained fr
the reserved forest of Bintang Hijau in Kuala Kaags
The forest area was divided into smaller harvesths.
Seven harvest blocks were used, comprising a ftal
636 trees with an average of 90 trees in each black
total of 165 trees were categorized as potentidstrto
be cut with an average of 22 trees in each bloctotal

of 139 trees were categorized as protected tredh, w

DmgT. Meanwhile, the variables MxHVol and
MnDmgT were used for the largest value of HVol and
the smallest value of DmgT.

2.8. Proposed Solution Approaches

A harvest area is formed by combining a humber of
randomly generated blocks. The process includes
calculating the number of trees to be cut (HVoleacth
block. The process is repeated until the HVol isnaist

an average of 20 t_rees in each block. The remainingequa| to the maximum number of trees allowed taouie
trees which had diameters below 30 cm dbh, werej, one planning period (AwHVol). The proposed
categorized as normal trees. The average number oéplutions were used to generate a harvest areathéth

normal trees in each block was 47 trees. MeanwBie,
blocks of hypothetical data were randomly generated
represent a larger problem.

highest HVol subject to the predefined AwHVol and
with the lowest number of damaged trees (DmgT).
In the proposed approaches, an initial harvest @rea

In this study, two experiments were conducted with formed by selecting blocks in which HVol is at Ieas

the following objectives: (i) to form a harvest areased

on maximum HVol and the smallest number of damaged

trees and (i) to identify a suitable optimizati@echnique

equal to the predefined value of EcoH. The totaloHV
and DmgT are determined by calculating the numifer o
trees to be cut and the number of damaged trees. Th
process will be repeated until the total HVol isnatst

to be used in the harvest area formation process anequal to AwHVol. The algorithm used to generate the

tested using actual and hypothetical data typese€erh
optimization techniques were used to solve the dwrv
area formation problem: MCP, SA and TA.

initial solution is shown below.
Generate initial solution:

The best solution is gained through the iteration Set the value of variables EcoH,
process. In the MCP solution approach, the numiber o AwHVol, X

iterations is controlled by a variable t, whereashie SA

////A Science Publications
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Randomly form an initial harvest area
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If HVol < EcoH

X «— 0
If HVol > EcoH

X1

initial_area— Calculate HVol
Total HVol< AwHVol
curr_HVol« Total HVol
curr_DmgT+« Total DmgT
curr_area— initial area

Meanwhile, the current solution is obtained by

comparing the new solution and the initial solutifrihe
new solution is better than the initial solutiohg tnew

solution will be accepted as the current solution t

replace the initial solution. Otherwise, the irdisalution

remains the current solution. In the SA approach,

however, a poor solution with a certain probabilil
replace the initial solution.

In the TA approach, the acceptance of a poor swiuti

is based on the predefined threshold value. In

proposed approaches, a new solution will be acdeyote

replace the current solution if and only if, théfatience

between new_DmgT and curr_DmgT is less than zero
and the difference between new_HVol and curr_H¥ol i

equal or greater than zero.
In addition, the best solution

represents the best solution and the current saluwtill,
therefore, be reported as the best solution. Téarighms
for the MCP, SA and TA techniques are as follows:

M CP Approach

while ('termination_criterion)
add1tot
form a new harvest area
If HVol < EcoH
X «— 0
If HVol > EcoH
X«—1
new_area— Calculate HVol
Total HVol< AwHVol
new_HVol« Total HVol
new_DmgT« Total DmgT

////A Science Publications

is obtained by
comparing the values of curr_HVol and curr_DmgThwit
the values of MxHVol and MnDmgT, respectively. The
current solution is accepted as a best solutitimeifvalue

of curr_HVol is greater than or equal to the vabhfe
MxHVol and the value of curr_DmgT is less than the
value of MNDmgT. In the MCP approach, however, this
comparison is not required because the currenticolu

Calculate the difference\dVol) of
new_HVol and curr_HVol
If AHVol >0
Calculate the differenc&DmgT)
of new_DmgT and curr_DmgT
If ADMgT <0
curr_HVol«+ new_HVol
curr_DmgT« new_DmgT
harvest_area— new_area
If ADmgT>0
curr_HVol « curr_HVol
curr_DmgT« curr_DmgT
harvest_area— curr_area
If AHVol <0
curr_HVol« curr_HVol
curr_DmgT« curr_DmgT
harvest_area- curr_area

SA Approach

Set the value of variables
MxHVol « curr_HVol of curr_area
MnDmgT <« curr_DmgT of curr_area
Set the value of variables, start_temperature,
reduction_rate and end_temperature
form new harvest area
If HVol < EcoH
X«—0
If HVol > EcoH
X1
new_area— Calculate HVol
Total HVol < AwHVol
new_HVol« Total HVol
new_DmgT« Total DmgT
Calculate the differencé&dVol) of
new_HVol and curr_HVol
If AHVol > 0 or random() <
exp(@HVol)/lt)
Calculate the differencd&DmgT)
of new_DmgT and curr_DmgT
If ADmgT <0
curr_HVol«+ new_HVol
curr_DmgT« new_DmgT
If ADmgT>0
curr_HVol <« curr_HVol
curr_DmgT« curr_DmgT
If AHVol <0
curr_HVol <« curr_HVol
curr_DmgT« curr_DmgT
If curr_HVol > MxHVol and curr_DmgT <

the
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MnDmgT
MxHVol < curr_HVol
MnDmgT « curr_DmgT
Harvest_area— new_area
If curr_HVol < MxHVol dan curr_Dmg®
MnDmgT
MxHVol <« MxHVol
MnDmgT <« MnDmgT
Harvest_area— curr_area

TA Approach

Set the value of variables
MxHVol < curr_HVol of curr_area
MnDmgT « curr_DmgT of curr_area
Set the value of variables
start_temperature, reduction_rate,
end_temperature and threshold_value
form new harvest area
If HVol < EcoH
X<—0
If HVol > EcoH
X1
new_area— Calculate HVol
Total HVol< AwHVol
new_HVol« Total HVol
new_DmgT« Total DmgT
Calculate the differencé&dVol) of
new_HVol and curr_HVol
If AHVol >0 orAHVol >
threshold_value
Calculate the difference
(ADmgT) of new_DmgT and
curr_DmgT
If ADmgT <0
curr_HVol«+ new_HVol
curr_DmgT« new_DmgT
If ADmgT>0
curr_HVol <« curr_HVol
curr_DmgT« curr_DmgT
If AHVol <0
curr_HVol « curr_HVol
curr_DmgT« curr_DmgT
If curr_HVol > MxHVol and curr_DmgT <
MnDmgT
MxHVol « curr_HVol
MnDmgT « curr_DmgT
Harvest_area— new_area
If curr_HVol < MxHVol dan curr_Dmg®
MnDmgT
MxHVol <« MxHVol
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MnDmgT <— MnDmgT
Harvest_area— curr_area

3.RESULTS

This section shows the results obtained from the
experiment that attempted to identify a suitable
optimization technique to solve the harvest area
formation problem.

3.1. Harvest Area

The experiment was repeated 15 tim&sble 1
presents the sample results obtained from the karve
area formation process using the MCP algorithm. The
results show that two harvest areas are generatesl.
harvest areas are shownfig. 3.

3.2. Algorithms Performance Comparison

Table 2 shows the performance of each algorithm
with the data involving seven (7) blocks and 30ckin
in term of the percentages of the solutions geadrat
each category. The algorithms performance compasiso
based on harvest volume and damaged tree for both
categories are presentedHiy. 4 and 5 respectively.

Table 1. Harvest area

Run No. HVol DmgT Harvest area
1 100 121 4,1,2,3
2 100 121 1,234
3 100 121 3,1,4,2
4 100 121 3,124
5 100 121 1,4,2,3
6 100 121 1,3,2,4
7 99 129 6,1,3,4
8 100 121 2,43,1
9 100 121 4,2,3,1
10 99 129 4,6,3,1
11 100 121 34,12
12 100 121 2,1,4,2
13 100 121 4,1,3,2
14 100 121 3,124
15 100 121 32,14

Table 2. Algorithms performance comparison

HVol DmgT
Block Methods Optim-um<5% >%5 Below Ave <10% >10%

7 MCP 100 0 0 100 0 0
SA 100 0 0 100 0 0
TA 99 1 0 99 1 0
30 MCP 9 91 O 61 27 12
SA 16 84 O 52 40 8
TA 10 90 0 57 30 13
JCS
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= . "-i_ o Block# Hvol DmgT
It —7 | s N 1 14 18
L= FE. — ' 2 23 34
| - 6 3 35 28
| 4 1 : 4 28 41
! 5
. e — Total 100 121
S e — Block# Hvol DmgT
1 2 '
| — ;| 1 14 18
= = 3 i 3 35 28
. S ARG 4 28 41
i -: — = |
| % | . - 6 22 42
== . 222020 — Total 99 129
Fig. 3. Harvest Areas
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Fig. 5. Percentage of damaged trees

The percentage of damaged trees in the category ofiumber of HVol is equal to the MxHVol or the total
greater than 10% above average for the MCP, SATand number of damaged trees is below average; (b) a
techniques are 8, 12 and 13%, respectively. ThesSA  “Reasonable” solution, in which the total number of
technique is a better method than the MCP or TAHVol is within 5% below the optimal solution or the
techniques for use in solving the harvest area dtiam total number of damaged trees is within 10% above

problem using the proposed model, regardless afsitze. average; and (c) a “Bad” solution, in which theatot
number of HVol is greater than 5% below the optimal
4. DISCUSSION solution or the total number of damaged trees éatgr
than 10% above average.
The combination of blocks that form the harvesaase After 100 runs using a small-sized problem, both th

generated based on the maximum HVol and the smallesMCP and SA techniques provide 100% optimal solgion
number of damaged trees. The harvest area is fobyed compared to 99% with the TA technique. Thus, thePMC
combining a number of blocks from a sequence ofksio and SA techniques are better at forming the haramest
that is randomly generated in every process cydi®  in a small-sized problem. With data involving 3@dKs,
results show that two harvest areas are generated: 1,  the solutions obtained from the SA technique better
consisting of a combination of blocks 1, 2, 3 anddd  maximize the total number of trees in the harvettime
area_2, consisting of a combination of blocks 14 &nd  than the solutions obtained with the MCP and TA
6. The maximum numbers of HVol in the respective techniques. For example, 16% of the solutions geadr
harvest areas are 100 and 99 and the number ofgg@ma using the SA technique is optimal, compared to it& w
trees is 121 inarea_1 and 129 in area_2. the TA technique and 9% with the MCP technique.

In this study, the performance of the algorithms is  However, in terms of minimizing the number of
evaluated based on the following two factors: (it damaged trees, it appears that the MCP technique
ability to meet the maximum number of trees alloi@d  generated better results. The percentage of damaged
harvesting in one planning period and (ii) the igbilo  trees that is below average generated from the MCP
minimise the damage to residual trees. The solsition technique is higher than in the results obtaineitigus
obtained are classified into the following three the SA and TA techniques. The values are 61, 52 and
categories: (a) an “Optimal” solution, in which ttwal 57%, respectively. However, as shown in column
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DmgT under the category of >10% above average, theBettinger, P., D.L. Johnson and K.N. Johnson, 2003.
SA technique obtains the lowest percentage of dathag Spatial forest plan development with ecological and
trees compared to the MCP and TA techniques. economic goals. Ecol. Modell., 169: 215-236. DOI:
10.1016/S0304-3800(03)00271-0
5. CONCLUSION Bettinger, P., J. Sessions and K. Boston, 1997ndJsi

In this study, we proposed an optimization model fo Tabu search to schedule timber harvests subject to

THP based on selective cutting to reflect the ngtti spgtial wildlife ggals for big game. Ecol. Modell,,
technique utilized in tropical countries. The prepd 94: 111-123. DOI: 10.1016/S0304-3800(96)00007-5

model is used to form the harvest areas with theBettinger, P., K. Boston, Y.H. Kim and J. Zhu, 2007

objective of maximizing the harvest volume, subject Landscape-level optimization using Tabu search and
the maximum number of trees allowed for harvesting stand  density-related  forest ~ management
the minimum number of damaged trees per plannirigche prescriptions. Eur. J. Opert. Res., 176: 1265-1282.
In addition, the model implements an approach tueke DOI: 10.1016/j.ejor.2005.09.025

one or more potential trees to be cut from thedsirto ~ Boston, K. and P. Bettinger, 2002. Combining Tabu
fulfil the minimum number of future stock requirddr search and genetic algorithm heuristic technigaes t
timber sustainability. The minimum number of tréese solve spatial harvest scheduling problems. Forest
cut is also imposed in each block to ensure ecarami Sci., 48: 35-46.

harvesting; thus, the harvest areas are formedmpining Caro, F., M. Constantino, I. Martins and A. Weintra
and selecting a number of blocks in which the hsirve 2003. A 2-Opt Tabu search procedure for the
volume is at most equal with the maximum numberesfs multiperiod forest harvesting problem  with
allowed for harvesting in one planning period. adjacency, Greenup, old growth and even flow

Three optimization techniques have been developed  constraints. Forest Sci., 49: 738-751.
and tested to identify the most suitable techniépre  Constantino, M., I. Martins and J.G. Borges, 2088.

use in solving the problem of harvest area fornmtio new mixed-integer programming model for harvest
The obtained results indicate that the SA technique  scheduling subject to maximum area restrictions.
provides better solutions than the MCP and TA Opert. Res., 56: 542-542. DOl:
techniques, regardless of the size of the probleon. 10.1287/0opre.1070.0472

future research, a component to predict tree growthCrowe, K., J. Nelson and M. Boyland, 2003. Solving
may be incorporated into the model to form the batv area-restricted harvest-scheduling model using the
areas and generate harvest plans for several p@nni branch and bound algorithm. Can. J. Forest Res., 33
periods simultaneously. 1804-1814. DOI: 10.1139/x03-101

Daniel, H.B.B., L.M.S.B. Mayra, G.L. Helio, M.G. de
and C.C.C. Joao, 2012. Regulation of even-aged
forest with adjacency constraints. Forest Policy
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