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ABSTRACT

The aim of this study was to develop a mathematical model for the spatial forest planning of
harvest activity scheduling. Thirty-eight (38) blocks were formed from stands aged 13 to 17 years
considering a total area limit set to 350 hectares. The model was built in Excel® spreadsheet and
solved by CPLEX® optimization software using the Branch and bound method for the linear
programming of problems with integer variables. The results of optimization are presented in
the form of a map of spatial distribution of the selected blocks. The total harvested area was
5,989 hectares and the volume generated was 2,956,913 m® in a planning horizon of five years.
Higher results compared with those of traditional planning and efficiency to optimize forest
harvesting proved to be a viable alternative to the inclusion of space and operational issues
associated with forest harvesting.
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1. INTRODUCTION

A characteristic of spatial forest planning is the
generation of problems with many constraints and
integer decision variables. Several attempts have been
made to represent spatial constraints within formulations
of planning problems.

Linear Programming (LP) is one of the classic
optimization techniques, and is one of the most widely
used among the techniques developed by operational
research. It is often used in forest management, especially
in forest planning for timber harvest scheduling
(Ezquerro et al,, 2016).

Itis truly challenging to express problems through
mathematical models involving the size, shape, and
distribution of management units (e.g., stands, harvest
blocks, wildlife habitat, and age class), minimum
and maximum harvest limits, adjacency constraints,
connectivity, and road proximity (Baskent & Keles, 2005).

For Weintraub & Murray (2006), at the tactical
level, the decisions involve the planning period, during
which each unit will be harvested in order to meet
expected future demands, and demands a definition
of access roads to harvesting units. This adds spatial
characteristics to the planning process and requires
linear programming models with binary variables.

Grouping of harvesting activities into operational
blocks aims at the concentration and connectivity
of the forest areas, so as to reduce the movement of
the harvesting machines between the stands selected
for clear cutting in the same year as the planning
horizon, as well as efficiency in the use of forest roads.
Notably, efficiency of harvesting activities involves the
organization of machinery and log transport, and is
significantly improved when stands are aggregated
(Smaltschinski et al., 2012).

Alternatives to include area connectivity requirements
in forest planning models are always useful, given
the scant of research addressing the aggregation of
harvesting activities. In this sense, Smaltschinski et al.
(2012) applied a cluster analysis to aggregate the selected
stands for harvest by applying the Dijkstra minimum
path algorithm to select the stands.

The present work had the objective to develop a
mathematical model for spatial forestry planning aiming
at the scheduling of harvesting activities. Additionally,

stands were grouped into harvest blocks in order to
form more concentrated and continuous areas, and
to minimize the average transport distance of wood.

2. MATERIAL AND METHODS

2.1. Study area

The study was developed in a forest farm located in
the municipality of Sengés, northeastern Parana state,
Brazil. Climate in the region is Cfb according to the
climatic classification of Kéeppen, i.e., it is a temperate
climate with average temperature in the coldest month
below 18 °C (mesothermic), with frost, fresh summers
with average temperature in the warmer months below
22 °C, and without a defined dry season.

2.2. Data specification

Figure 1 shows the initial spatial distribution of the
forest areas classified by the planting year together with
the road network of the study area. This information
was obtained by a GIS database.

The area is composed of 1,832 stands, of which
nine stands are of the species Eucalyptus sp., five stands
of Pinus sp., and 1,818 stands of Pinus taeda, with
approximately 13,510 hectares of production forest and
22,871 hectares of total area. The average area of the
stands is 7.25 ha and the average number of adjacencies
per stand is four. Table 1 shows the distributions of
the forest harvest area by age class, considering the
frequency of Pinus and Eucalyptus stands.

Annual volumes by assortment in each management
unit were obtained from a production table considering
a site index of 23m at the reference age of 15 years.

2.3. Generating harvest blocks

Aiming to prevent stands from being selected for
cutting in the same period that they were very distant
from each other or difficult to access, some criteria were
considered in forming the blocks, such as presence
of the road network, as well as of the hydrographic
network, preservation areas, and management units.
The inclusion of these criteria ensured a priori formation
of continuous blocks and accessibility, because there
is no internal displacement impediment of the cutting
front or for transporting the wood.



Floresta e Ambiente 2019; 26(1): €20160100

Spatial Forest Planning for Optimized... 3/9

%1-901 3 656013 653013 Lyl GIT013 a3
[ Coordinate Svstem UTM
Datem SAD 1969
Zone 228

TIORTHE T 288 TI06298

T2e1298

T3208

LEGEND

Road Type 1997 @m2006

—State 1098 2007

~—Railrozd 1995 EEN2008
—Menicipal 20002009 | o
—Main 2001 2010 |8
Planting Year 20022011 | &

1870 20032012

GRAPHIC SCALF - METERS 1871 2004 2013

0 1,700 3,400 6800 10,200 Bl 1574 2005002014

! == ) 1991

549013 656013 853013 670013 677013 634013 E

Figure 1. Characterization of the study area located in the municipality of Sengés, Paran state, Brazil.

Table 1. Initial structure of the forest for harvest planning.

Age Classes Area Stands
(years) (ha) (%) Frequency (%)
[0to5) 2,833 21.43 504 27.51
[5 to 10) 3,407 25.78 583 31.82

[10 to 15) 5,815 43.99 604 32.97
[15 to 20) 1,148 8.68 130 7.10
[20 to 25) 2 0.01 2 0.11
>25 14 0.11 9 0.49
Total 13,219 100 1832 100

The blocks were composed of stands aged
13 to 17 years within a planning horizon of five years.
In order to ensure that the blocks contained the same
data as the original forest cover (area and age), these
layers were combined using the Geographic Information
System (GIS).

The real road distance between all pairs of blocks
was measured using the GIS. The respective bifurcations
of the main road with the secondary road to where
the wood is forwarded were considered as the points
of origin and end of the route, thereby enabling the
construction of a matrix of main road distances

between blocks.

2.4. Problem description

The main focus of this work was to schedule
harvest in order to minimize the average distance
of timber transportation, respecting the demands
of the products for each year and the management
alternatives established initially. The scenario must
meet the demand of three multi-products, classified
as process, sawmill 1, and sawmill 2 (Table 2).

A definition of the annual volumetric production
goal was proposed in relation to the demand for each
assortment class obtained with the control planning.
Figure 2 displays the production goals resulting from
the tactical plan provided for the study area for the five
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Table 2. Assortment classification.

Description Diameter (cm) Length (m) Total volume (%)
Process 8to 18 2.65 0.52
Sawmill 1 18 to 25 2.65 0.25
Sawmill 2 >25 2.65 0.19
= Process Sawmill 1 ==fe=Sawmill 2

=
=}
s}

w
@
=}

e e

\ g

Noow
U Q
o 2

[N}
=]
[s}]

117

=
%
o

5%

—$ 292

46 46 140

DEMAND (1000 M?)

=
(=)
o o o©

1 2

—h 107

3 4 5

PERIOD OF THE PLANNING HORIZON

Figure 2. Volumetric demand in thousands of m* according to assortment class and period.

annual periods considered and for the three different
products. Based on the results of a tactical harvesting
plan, the annual production targets for the study area

were determined in m’ per product.

2.5. Suggested model

For this study, the problem was represented by a
model according to the integer linear programming
(ILP) structure, following the model I formulation of
Johnson & Scheuerman (1977) for the annual sequencing
of the harvesting operations of the blocks selected for
clear cutting in tactical planning. The configuration
of the harvest problem addressed requires the use of
binary variables for yes or no decisions. The indices
used in the model are:

i = number of the block to be harvested, 1= 1, ..., 38;

j = annual planning period, j =1, ..., 5;

p = multi-product or assortment number, p = 1,2,3;

Nb = total number of blocks;

Np = total number of years of the planning horizon;

Vi = total volume (m?) of product p existing in block
i in year j;

K= demand for product p in year j;

D,,,, = distance (m) between blocks i1 and i2;

X; = binary variable: 1, if block 7 is harvested in year

75 0, otherwise;

Y= binary variable: 1, if the stretch of road between
the pair of blocks 7 = 1 and i = 2 is used in year j;
0, otherwise.

Objective Function:

Nb Nb Np

Minimize Z= 3.3 3'(Y;;,*Dy;, )

i iy j=1

(1)

Nb
Subjectto Y XV, 2K ; Yi, Vp 2)
i=1
Np
X <1 vi
; Y (3)
X =Y, <0 (4)
Xij—Y,;<0 (5)
Xij» Yiij € {0’1} Vi, Vj (6)

The formulated optimization model has an objective
function of minimizing the total distance of main roads
for timber production flow. This total distance is obtained
by summing the distances between the block pairs that
will be harvested in a given year (1). For each year, each of
the products must meet a defined demand. A restriction
that ensures the supply of products is represented by
expression (2). A cut-off constraint (3) ensures that
each block is harvested in its entirety and not again in
the planning horizon, and defines decision variables in
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binary form, which force a choice of a single decision
variable (management alternative). Constraints (4)
and (5) allow a combination of harvesting block pairs
with the distance of the road stretch between them.
In addition, expression (6) guarantees that variables
X; and Y.

Ii1yJ

only assume binary values.

2.6. Implemented hardware and software

The integer linear programming (ILP) mathematical
model was built in a Microsoft Excel® 2013 spreadsheet
and was solved using the IBM ILOG CPLEX®
Optimization Studio 12.6.1 optimization software
with an IBM Academic Initiative license. Data were
processed in a personal computer with an Intel Core®
i7 2Ghz processor with 12 GB of RAM and 1 TB of
HD. The distances, arrays, and maps were generated
by the ArcGIS 10.3 platform.

3. RESULTS AND DISCUSSION

Thirty-eight (38) blocks were created from the map
with the provided geographic information, with adjacent
stands and ages varying between 13 and 17 years,
respecting the maximum limit of contiguous area of

350 ha. Figure 3 depicts the blocks and roads used
to transport the forest production in the study area.

The area to be harvested was grouped into blocks
with total area varying between 100 and 350 ha. Thus,
if a stand has an area of 20 ha for example, it is added
to the neighboring (adjacent) stands until it reaches an
area close to the desired limits. Adopting maximum
and minimum cutting ages made it possible to meet the
requirements of the company, excluding young stands
with low harvest stock. The concept of minimum cutting
age is commonly used in spatial planning, as seen in
the studies by Nelson (2001) and Binoti et al. (2014).

The distances between each block pair obtained with
the geographic information system were represented
by a matrix, which is summarily presented in Table 3.

These distances were used in the objective function.

Formulation of the planning model resulted in
7,410 binary decision variables and 14,494 constraints, of
which 38 are cut restrictions, 15 are demand constraints,
and 14,440 are distance constraints. After more than
nine hours of processing, the CPLEX® software could
not find an optimal solution, which led to some

modifications to the model accelerate the resolution.

%9015 656013 GE3013 G003 &TT013 34013 E
5 v
Coordinate 8ystem UTM
Datum SAD 1965
Zone 228
2 5 LEGEND 8
& e Road Type NN NN v = [§
z g — State . i [ =
=, Ay +Railroad & s o
; o — Municipal o [ = I v
3 ) R T —Maio 0 |
LH E Yy Block N F1 ERR
f & = 1 B ETE
ﬁf . : B FEd K
1 GRAPHIC SCALE - METERS 3 0
4 1] 1,700 3400 6,800 10,204
e 200 I « s s .
f — - I B A El E
549013 555013 853013 570013 &TT013 634013

Figure 3. Spatial distribution of the blocks.
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Table 3. Representation of the matrix BxB (km) elements for the first 10 blocks.

Block/Block | 2 3 4 5 6 7 8 9 10
1 - 0.7 0.9 5.1 1.6 13.2 15.8 14.3 18.3 26.5
2 0.7 - 1.4 6.0 7.6 6.3 4.7 2.3 6.3 14.4
3 0.9 1.4 - 1.4 3.1 12.0 10.3 7.9 11.9 20.0
4 5.1 6.0 1.4 - 3.1 134 11.7 9.4 11.9 21.5
5 1.6 7.6 3.1 3.1 - 11.8 13.4 11.0 15.0 23.1
6 13.2 6.3 12.0 134 11.8 - 0.5 3.2 4.2 11.2
7 15.8 4.7 10.3 11.7 134 0.5 - 1.9 2.5 9.6
8 14.3 2.3 7.9 9.4 11.0 3.2 1.9 - 0.6 7.7
9 18.3 6.3 11.9 11.9 15.0 4.2 2.5 0.6 - 6.8
10 26.5 14.4 20.0 21.5 23.1 11.2 9.6 7.7 6.8 -
Table 4. Summary of the results from the CPLEX" software.
Year Interactions Solution Time (s) GAP (%)
1 11,066 1.09 1.93
2 28,296 1.50 1.16
3 8,784 0.56 3.28
4 3,986 0.36 0.34
5 870 0.25 0.00

The model was dismembered into five annual models
with the intention of minimizing the total transport
distance of the objective function considering one year
at a time, and beginning in year 1. Restrictions were
added to the model from year 2 onwards in order to
keep the optimal obtained solutions unchanged from
previous years. In this way, each block selected by the
model to be harvested in year 1 became a constraint for
the model of year 2, and so on. The choice of optimal
solution for each year is made with decreasing priority

over the planning horizon.

With the dismemberment of the main model into
five annual models, resolution times were significantly
reduced, and varied from 0.25 to 1.5 seconds, as
shown in Table 4. Table 4 also presents the number
of interactions and the GAP, which represents the
percentage difference between the optimal value
obtained and the best boundary.

Optimization results are presented as an
easy-to-understand map showing the spatial distribution
of harvesting units over the five years of HP. Figure 4
illustrates the harvest scenario after optimizing the
final model for each year of the planning horizon.

As shown in Figure 4, the layout of the blocks
selected for harvesting is considered satisfactory, both

for proximity to the roads as well as between the blocks,

expressing the relation of the access roads to each of
the collection blocks.

Although the presented formulation does not
guarantee adjacency of the harvest areas, it generated
good quality responses, showing a viable alternative
for the inclusion of spatial and operational issues
associated with the forest harvest, and considering
that this block arrangement meets the requirements
of the areas that are ideal for cutting.

Figure 4 shows a solution with the blocks to be
collected in each period, and which are presented
in Table 5 together with the harvested area, the total
volume obtained, and the total distance used to harvest
the group of blocks.

Regarding the area values in Table 5, by adding all
the years of the planning horizon, a surface of 5,989 ha
would be harvested, resulting in a total volume of
2,956,912.9 m°.

According to Augustynczik et al. (2016), by
aggregating the forest harvesting areas, it is possible
to increase the efficiency of the operation due to the
reduced movement of the machines between the harvest
fronts, thereby reducing the number of unproductive
hours. In addition, maintenance and road construction
costs are reduced, because the production of a large
number of stands can be transported on the same
road. The savings in transportation time obtained by
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Figure 4. Spatial harvest scheduling for the 5-year planning horizon.
Table 5. Selected blocks for each year of the planning horizon.
Selected Blocks
Year 1 Year 2 Year 3 Year 4 Year 5
6 8 9 1 4
14 10 13 5 11
21 16 22 12 17
25 26 24 23 19
27 31 29 - -
30 - - - -
Area (ha) 1,597.17 1,285.94 1,153.79 956.92 994.92
Volume (m?) 683,720.1 587,449.7 564,213.6 560,964.8 560,564.7
Road (km) 29.5 32.5 26.9 33.9 27.2

the proximity to the roads also brings a considerable

reduction in the operating costs.

Results obtained from the employed methodology
were compared with the control data of the same
study area provided by the company, resulting from a
traditional harvesting plan in which the management
units are the stands, without considering the proximity
between them and the range of 13 to 17 years for
harvesting (Figure 5).

A typical empirical planning is illustrated in Figure 5,
where very young stands were harvested aiming to
reduce the displacement of the harvest front. This can
result in low wood stock and thin logs. It is interesting

to observe that the control data also showed good

results in years 1 and 4, but it should be emphasized
that this only occurred because the stand ages harvested
in the control were aged 10, 11, and 12 years, which is
below the age practiced by the company. Mathematical
models can eliminate these stands by means of imposed

constraints.

It can also be observed that in years 2, 3, and 5,
the control data harvested younger trees and was still
surpassed by the optimized scenario. In relation to the
total harvested area in the five years of the planning
horizon, the company obtained 5,496.8 hectares and
a volume of 2,922,201 m>.

In addition to the area and volume harvested by

blocks that are superior to traditional planning, the
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Figure 5. Traditional annual planning.

greatest advantage of the methodology presented herein
was the proximity of the stands to be harvested in the
same period grouped in blocks, as this proximity should
reduce transportation costs, road maintenance, and
personnel displacement. Thus, the initial requirements
were met by harvesting more concentrated and
contiguous areas, with access through main roads and
optimal cutting ages.

According to Ohman & Eriksson (2010), another
effect of aggregating harvesting areas is the reduced
application of thinning in the forest. This is due to
application of clear cutting, because with aggregation
of the harvest areas it is possible to obtain a larger
volume from smaller harvest areas.

Problems of forest harvesting optimization involving
roads are complex due to the large number of restrictions
in forming the models. A good example was demonstrated
by Andalaft et al. (2002), which considered horizons
of two to five years and formulated MILP models with
more than 6,000 restrictions relating the roads to the
forest harvest. Forming the blocks prior to constructing
the model decreases the number of restrictions in the
model as well as the computational effort.

W{biﬁ Fl"'l'lﬂl\} Eﬂl‘Dﬁi

4. CONCLUSION

This study proposes an effective approach
to scheduling harvest considering the imposed
production requirements. Flexibility in harvesting
ages occurred only once during the conversion of
the current block structure, considering that the
blocks should last over time after the optimized
scenario is implemented, and that management
decisions are maintained.

The CPLEX® software licensed by the IBM Academic
Initiative to solve the problem is very efficient and easy
to handle and understand. Forest spatial data can be
used in tactical forest planning in block formation from
adjacent stands to produce results similar, and even
superior, to those normally obtained by traditional

non-spatial planning scenarios.
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