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Integrating Strategic and Tactical Forest-
Management Models within a Multicriteria
Context

Pedro Belavenutti, Carlos Romero®, and Luis Diaz-Balteiro

Forest-management planning could be addressed at various temporal scales, namely sirategic and tactical scales. The former are associated with extended temporal horizons,
whereas the latter focus on shorter periods of time and typically encompass further spatial requirements. On the other hand, in most forestry scenarios, the existence of mul-
tiple criteria of different nature is the rule rather than the exception. It seems sensible to think that forest-management models would significantly increase their practicality
in many cases, if the strategic and tactic models were fo be integrated within a multicriteria context. This paper presents an integrated framework for dealing with this type
of situation. Thus, two approaches called “fop down” and “integrated” have been formulated. To undertake this task, the well-known tool called extended goal programming
has been resorted to. The functioning and the strengths of the integrated framework are illustrated with a case study corresponding to fast-growing plantations in Brazil. This

framework includes the decisionmaker’s preferences in a more compact model that allows the inclusion of different spatial issues.

Keywords: goal programming, harvest scheduling, mulfiple criteria

onventionally, forest managers have been using hierarchical
‘ planning models to solve timber-harvest scheduling prob-

lems. This hierarchy is established from strategic planning
to tactical planning, and from the latter to operational planning
(Weintraub and Bare 1996). However, in the past few years, forest-
planning models have become increasingly sophisticated thanks to
technological advances and the inclusion of spatial components.
Also, it is already habitual to integrate other criteria, not related
to timber supply, and to interact with decisionmakers using mul-
ticriteria methods merged with group decisionmaking tools (Diaz-
Balteiro and Romero 2008). Nevertheless, there have not been any
significant advances in these methods related to the connection
between strategic and tactical planning, which has been generally
dealt with by a top-down hierarchical approach (Kangas etal. 2014)
within a single criterion context. This hierarchical approach is cho-
sen either because it is easier to link different time horizons (Church
et al. 2000), or because strategic and tactical planning are nested in
a decision-support system, with a hierarchical structure (Seely et al.

2004). However, some authors find open problems when it comes
to developing sound optimization models in a top-down approach
(Rénngpyist et al. 2015). In short, it may create some discrepancies
between planning levels, e.g., the inconsistencies of long-term tim-
ber supply (Paradis et al. 2013), and the effects of different spatial
and temporal aggregation (Andersson and Eriksson 2007).

On the other hand, some authors have suggested alternative
approaches to link strategic and tactical planning, given that the
hierarchical approach presents discrepancies and suboptimal or
even unfeasible solutions (Beaudoin et al. 2008). Thus, two of the
pioneers following this line were Weintraub and Navon (1976),
who proposed a monolithic approach, called “integrated,” as
opposed to a hierarchical approach, called “sequential,” in order to
address the strategic and tactical planning link. Later, Weintraub
and Cholaky (1991) defined an interactive hierarchical approach,
called “top-down-bottom-up,” from the inclusion of harvesting
targets between planning levels. Thereafter, Cea and Jofré (2000)
proposed a clustering technique, “k-means,” to link the strategic
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and tactical planning. Recently, Troncoso et al. (2015) compared
a monolithic “integrated” approach and a hierarchical “decou-
pled” one for the analysis of strategic and tactical problems; their
results demonstrated that the integrated approach produces better
outcomes. Additionally, some models have been formulated that
also link tactical and operational planning (Beaudoin et al. 2008).
Finally, Eyvindson et al. (2018) compared different models: hierar-
chical, monolithic, and integrated in a regional planning problem
in Finland using a goal-programming (GP) methodology.

GP is one of the optimization techniques most used in the field
of forest management (Diaz-Balteiro et al. 2013), including works
oriented toward plantations (Belavenutti et al. 2018). It makes
sense that in industrial forest-plantation management problems,
where planning horizons are short, and where there is no unanim-
ity when defining the duration of the tactical planning horizon, the
versatility of some GP models such as extended goal programming
(EGP) (Romero 2001) can be very helpful. On the other hand,
the large number of decision variables (prescriptions) and the sig-
nificant number of criteria involved in this type of problem make
applying other multicriteria methods problematic. Besides, these
GP models can provide the manager with diverse attractive solu-
tions, which enables decisionmakers (DMs) to choose which one
they consider to be the most suitable (Diaz-Balteiro et al. 2013).
EGP has been used in the management of industrial plantations,
but not in addressing these types of problems embracing jointly
the strategic and the tactical perspectives (Giménez et al. 2013,
Diaz-Balteiro et al. 2016, Broz et al. 2017).

This article aims to compare two approaches, by linking strategic
and tactical multicriteria models obtained from an interactive proc-
ess with the decisionmaker (Diaz-Balteiro et al. 2013, Diaz-Balteiro
et al. 2014). In the first approach, the strategic problem is carried
out sequentially with the tactical problem, whereas in the second
approach, both problems are solved simultaneously. The case study
was a typical industrial pine plantation located in the south of Brazil.

A Generalized Framework for the Integration of
Strategic and Tactical Models

Forest management requires strategic and tactical models. In
what follows, these two types of models will be jointly formulated
within a multiple-criteria context with the help of a GP approach.

It is widely accepted nowadays that a strategic forest-planning
model must consider not only economic (e.g., net present value)
but also environmental criteria (e.g., carbon uptake), plus the cri-
teria leading to the classic normal forest like the even flow and the
regulated forest. Unfortunately, within this new context, there is
usually a significant degree of conflict among the criteria previously
introduced, which implies the need to seek good compromises
among them. In short, it seems necessary to resort to multicrite-
ria optimization methods. For a comprehensive overview of these
methods, see Miettinen (1998). Regarding these approaches, the
EGP approach (see Romero 2001, 2004) seems to be especially
suitable for dealing with the problem posed in this paper, because
it can deal efficiently with complex problems involving many
criteria and many decision variables as is usual in realistic forest-
management problems. In addition, with this type of approach,
it is possible to obtain the solution providing the best average
achievement among all the criteria (efficiency), the solution with
a more balanced achievement among solutions (equity) as well as

compromises between these two types of solutions; for the applica-
tion and assessment of the EGP approach in forest-management
issues, see Diaz-Balteiro et al. (2013).

On the other hand, as is well known, the tactical forest plan-
ning models usually incorporate spatial criteria, with the purpose of
increasing connectivity and reducing the environmental impact as
well as the cost associated with the harvest. In some situations, the
model also incorporates the design of the road network (Ohman
and Eriksson 2010). In short, within a tactical orientation, the deci-
sionmaking problem involves establishing harvest schedules that
take into account not only the management prescriptions but also
the tactical spatial criteria considered.

We proposed a generalized framework able to show two differ-
ent approaches to link strategic and tactical forest-management
models. The starting-point involves the formulation of the clas-
sic Model I (Johnson and Scheurman 1977) within the context of
an EGP framework. The first approach to implement the linking
is called “top down” and embraces two steps. In the first step of
the “top-down” approach, the strategic model is solved (with the
parameters U =1 and 6 =0), and in the second step the results
from the first step are transferred to the tactical model and solved
(with the parameters ¢ = 0 and § = 1). Following the literature (i.e.,
Weintraub and Navon 1976), we have called the second approach
“integrated,” because this approach aims to solve jointly strategic
and tactical models. In the following paragraphs, we will show the
formulation of this generalized framework to continue with the
explanation of the two linking approaches in the next subsections.

General Achievement Function
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Goals and constraints for the top-down approach (y, =1 and

Y. = 0):
(an +Bp,)-D, <0 Vi )

Management and Policy Implications

In the literature, as well as in the forest-management practice, the strategic
and tactical planning models are usually formulated in a rather disconnected
way. However, it seems rational to accept that there is, in general, a certain
degree of linkage between these two types of planning levels. This paper
proposes a generalized framework encompassing two alternative approaches
for dealing in a connected way with both planning orientations. The two pro-
posed approaches resort fo goal-programming formulations covering several
classes of decision criteria of a different nature. The exercise has a clear
interactive orientation, involving the decisionmaker in several phases of the
work to provide basic information for feeding the respective models. In short,
these models can be applied in the management of industrial forest planta-
tions, and the managers can include other spatial constraints or even a third
operational level (monthly/weekly period) to consider different operational
capacities, relating the spafial consequences of dispatching harvest crews to
certain distances.
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Starting from the general achievement function shown in
Equation 1, the auxiliary parameters ¥, and ¥, take on a value 1
when considering top-down or integrated approaches, respectively.
Otherwise they take on a value of 0. In this way, this formulation
embraces two general achievement functions within an EGP context.
The first one corresponds to the top-down approach (y,=1; 7,=0),
and the second one corresponds to the integrated approach (y,=0;
7,=1). In both approaches, A is a control parameter that weights the
importance attached to the minimization of the weighted sum of
unwanted deviation variables with respect to the minimization of
the maximum deviation. Additionally, auxiliary parameters & and
Otake on a value 1 when considering strategic or tactical criteria,
respectively; otherwise it takes 0.
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Equations 2-11 define the necessary goals and constraints. It
should be noted that the negative and positive deviation variables
of the respective goals are represented by “7” and “p,” respectively,
whereas the target values are represented by “#” (see Equations 4-7
and 9-11). To be more precise, ¢, is the target value for the strategic
goal i of the rop-down approach. Thus, p, and nare the positive and
negative deviations from target values of the goal 7, measuring their
over-achievementand under-achievement, respectively (Equation4).
o, =w,/k if n, is unwanted; otherwise, &, =0, B, =w,/ k, if
p, is unwanted; otherwise, B, = 0. The parameters w, and £, are
the weights reflecting the preferential and normalizing purposes
attached to the achievement of the goal 7, respectively. Besides, ¢
is the target level for the tactical goal j of the top-down approach
(Equation 6). Regarding the integrated approach, ¢, is the target
value for the strategic or tactical goal ¢. Also, E embeds the dif-
ferent strategic goals, and 7 embeds the tactical goals (Equations
9-11).

We move on now to the meaning of the variables and parameters
of a technical nature. Thus, § measures the total number of stands
considered, whereas M refers to the total number of possible man-
agement prescriptions established according to Model I. x, denotes
the decision variables of the model measuring the total area of stand
s under management prescription 7 , and A, represents the area of
stand s. ¢, embeds the unitary contribution of stand s under pre-
scription m for the generic strategic goal 7. y,_ is a binary variable
taking a value of 1 when the management prescription 7 is applied
on stand s; otherwise it is 0. In the same direction, 7, is another
binary variable taking a value of 1 only when the stand s is managed
during the period of time 4, whereas TH represents the planning
horizon for the tactical exercise. g(0) includes the set of produc-
tive management prescriptions during the period 4. Regarding dif-
ferent costs included in this framework, ¢, measures the cost of
production corresponding to stand s in the period £, whereas ¢,
measures the cost of road section v conditioned in the period 4.
On the other hand, ¢, denotes binary variables that represent the
edge connecting harvesting intervention between 7, and 7,. vo/,,
measures the total timber volume per hectare of stand s when it is
managed according to the prescription 7 in the period 4. Besides,
N, denotes the total number of road sections in the rout path 7,
£(1n) is the set of road sections contained in the optimal rout path 1,
and z,, is a binary variable that represents the road section » con-
ditioned in the period 4. Finally, ¢(6) represents a pair of adjacent
harvesting interventions.

On the other hand, it is appropriate to explain the meaning of
the endogenous and spatial constraints that are required in both
models. Thus, Equation 14 needs the sum of management prescrip-
tions to be less than, or equal to, the corresponding stand area,
whereas Equation 15 requires each stand to receive only one man-
agement prescription. The sets of stand-management prescriptions
with their respective intervention period are included in Equation
16. In addition, it is important to consider that the variable y,
plays an important role in the model because the stand-manage-
ment prescriptions could have different production levels when
considering the same period of time. Furthermore, the variable 7,
simplifies the model formulation by decreasing the number of spa-
tial constraints. In this way, only the spatial constraints regarding
the harvesting intervention are considered. These spatial constraints
will consider the spatial distribution and promote the clustering
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of harvesting activities. Equation 17 is a spatial constraint that
connects the set of road sections between each harvesting inter-
vention and the production destination, each set composing the
optimal route path 7). Finally, the spatial harvesting connectivity
constraints (Equation 18) activate variables representing two har-
vesting interventions in adjacent stands and in the same period (see
Augustynczik et al. 2016).

Finally, it is worth mentioning some of the properties embed-
ded in the EGP framework mentioned earlier (Equation 1). Thus,
for A =0, we have a Chebyshev achievement function minimizing
the maximum deviation and thus obtaining the “most balanced”
solution; similarly, for A = 1, we have a weighted achievement func-
tion minimizing the sum of deviations and thus obtaining the “best
average” solution. For other values of control parameter A belong-
ing to the open interval (0,1), intermediate solutions, if they exist,
can be obtained. That is, to some extent control parameter A trades
off the “optimum average” versus “optimum balance.” We will see
throughout the presentation how this type of device is extremely
useful for deriving efficient harvest schedules compromising the
efficiency (optimum average) with the equity (optimum balance).

1)Top-down approach

As we noted earlier, the top-down approach implies a particular-
ization of the generalized model for ¥, =1and 7y, = 0, for different
values of control parameter A, and including the preference weights
provided by the DM. Thus, if we considered tt=1 and 6 =0, we
activate Equation 4 and deactivate Equations 3 and 5-7 obtaining
the strategic solutions to be applied in the tactical planning horizon
considered. Thus, the respective strategic prescriptions x,, are trans-
ferred to the tactical planning by the management prescriptions y,,,
which implies a re-formulation now considering 1 =0 and § =1.
This new achievement function involves deviation variables corre-
sponding to the tactical and strategic criteria. Consequently, we now
activate Equations 3 and 5-7, whereas Equation 4 is deactivated. In
this process, Equation 5 allows us to transfer the results obtained
from the strategic to the tactical level. Thus, / embeds the strategic
goals transferred to a tactical level, and consequently, ¢, measures the
contribution of the stand s when it is managed according to the pre-
scription 72 within the strategic goal 7 at a tactical level. The tactical
goal included in Equation 6 indicates the operation cost of harvest-
ing interventions and road network maintenance. The tactical goal of
Equation 7 was related to the connectivity of harvesting interventions.
Regarding the common constraints valid for the two approaches, the
strategic model only required the merging of Equation 14 and the
tactical model required the merging of Equations 15-18.

2)Integrated approach

Within the integrated approach, the EGP model has been par-
ticularized for ¥, = 0 and y, =1, including several values of control
parameter A, and considering jointly strategic and tactical criteria
by the general achievement function in Equation 1. This approach
needs the inclusion of Equations 8-13 in order to obtain the stra-
tegic and tactical solutions. Thus, the strategic goals are shown in
Equation 9, whereas Equations 10-11 represent the tactical goals
associated with the cost of harvesting interventions and road net-
work maintenance, and the connectivity of harvesting interventions,
respectively. To understand the integrated model, it is important to
note that Equation 12 links the results corresponding to the strate-
gic prescriptions x,, to those corresponding to the tactical ones y,, .
Coherently, Equation 13 prevents differences between timber flows

obtained by strategic and tactical prescriptions, along the tactical
planning horizon. Equations 12-13 allow the possibility of a con-
tinuous linkage between the tactical and strategic results. Within
this approach, it is convenient to merge Equations 14-18.

Proposed Methodology

The sequential procedure consists of three interactions with the
decisionmaker. The first interaction is to select the strategic and
tactical criteria (e.g., Diaz-Balteiro and Romero 1998). Then, the
respective programming models are formulated to obtain the Pay-
off Matrix. Thus, in this matrix, the DM is provided with univari-
ate optimized criteria, which allows the degree of conflict between
criteria to be quantified and targets of reference to be obtained
(e.g., Diaz-Balteiro and Romero 1998). The second interaction is
to elicit the preferential weights attached to each criterion, as well
as the respective target values, and the third interaction is to select
the best solutions in each model according to the values of control
parameter A. Thus, the EGP models are formulated and solved fol-
lowing the “top-down” and “integrated” approaches. These stages are
explained in more detail in the following subsections with the help
of a case study. Figure 1 summarizes the method proposed.

Case Study

The case study (Figure 2) was an industrial forest plantation
owned by the company Florestal Gateados LTDA !, located in
Santa Catarina State, Brazil. The area covers 6,865 hectares, com-
posed of 2,501 stands of loblolly pine (Pinus taeda 1.) and slash
pine (Pinus elliottii Engelm.).

Figure 3 presents the age-class distribution of the forest planta-
tion. It is clear that the current age-class distribution is very uneven
and thus two different management systems need to be applied:
standard and exception. Each management system allows several
options of precommercial thinnings and clear-cut interventions,

b T
DECISION MAKER . | OPTIMIZATION PROCEDURE |

/ Interaction 1 "\ : I } Strategic ‘ | Tactical ‘ I
! ) ' Model | Model '
i i Sctr?tteglc T i
riteria :
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3 :

2 . |

! /  Tactical ! EGP Models | :
| Criteria ; ¥ ¥ :
AN o [
1 g Top-to-down Integrated || ;
| - [ I
- f Interaction 2 N i approach approach :
| | : :
. Targets . I
i g . Run Strategic I
‘ model I
[ - T A :
! | Weights | 3 A1
. . l | Transference | Run :
N | ! goals Integrated || !
: . o model I
| { Interaction 3 || i A1
: [ Run Tactical :
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Figure 1. Scheme of the methodology used.
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Figure 2. Case study area.
which are performed on different ranges of ages groups (see 2500
Fiorentin et al. 2017). The standard system corresponds to two or 2000 L
three precommercial thinnings occurring in the age ranges 8-12, 3 150 |
13-17, and 18-22 years, followed by a clear cut with stand age =
. . . S 1000 G
ranges of 26-27 years. The exception system integrates stands with -
ages over 27 years and includes a clear cut between 27 and 31 years SOl l
0 B = [

or a thinning in the same range of ages followed by a clear cut
between 31 and 40 years. The management alternatives, considering
the replanting in the same year of the clear cut, were implemented
using the SisPinus® growth and yield simulator (EMBRAPA 2011).

We used average values of costs (in US dollars) involved in
the establishment and maintenance of the forest stands, precom-
mercial thinnings, and clear cuts provided by the forest company.
Thus, in the operational cost, we included the log loading expen-
ditures ($1.6/m?), and annual road maintenance cost consider-
ing main road sections ($5,000/km) and secondary road sections
($10,000/km). A minimum spanning tree algorithm optimized
the sequence of road sections minimizing the maintenance cost
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Figure 3. Age class distribution of Pinus spp.

between harvesting interventions and the production destination
(the Company woodyard).

The economic profit criterion is the net present value (NPV)
that was quantified for each management alternative as being the
net sale revenue of the timber assortments: pulpwood, saw, and
veneer, minus the silvicultural and harvesting costs, and applying
a discounting rate of 8%, a high but realistic one given the state
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of the Brazilian economy. The carbon sequestration criterion has
been calculated as the estimation of annual gains and losses of car-
bon because of the growth of trees and their removal, computed in
physical units (Pasalodos-Tato et al. 2017). In order to compute the

carbon sequestration, we considered a timber density of 0.57 t/m?
and carbon content of 0.41% (EMBRAPA 2011).

Problem Formulation

In the first interaction, the decisionmaker selected six strate-
gic criteria: NPV, total volume, carbon sequestration, even flow of
commercial volume, even flow of veneer log volume, and an equal
area in each of the five year age classes at the end of the planning
horizon. On the other hand, two criteria were selected for tacti-
cal purposes: operational cost and harvesting connectivity of each
period. These tactical criteria consider the spatial distribution and
promote the clustering of harvesting activities.

In the second interaction, the decisionmaker decides on the pref-
erential weight of each criterion and indicates the target for each stra-
tegic and tactical goal. Also, the strategic planning horizon (PH) of
30 annual periods and the tactical planning horizon (7H) of 3-yearly
periods were established. The strategic and tactical prescriptions for
each stand consider the management alternatives previously defined.

The mathematical formulation of the generalized framework for
the integration of strategic and tactical models is presented in the
Appendix. Starting from the “top-down” approach, the achievement
function Equation Al includes the normalized and weighted devia-
tion variables of each strategic criterion. Besides, Equations A1d-A7
show the strategic goals in this approach. Thus, Equation A2 cor-
responds to the NPV criterion, Equation A3 corresponds to the rozal
volume, and Equation A4 embraces the carbon sequestration objective,
whereas the rest of the goals, regarding technical issues (Age class regu-
lation, Even flow commercial volume, and Even flow veneer log volume),
are represented by Equations A5—A7. The mathematical formulation
of the tactical achievement function is described in Equation Bl,
including the normalized and weighted parameter of each tactical cri-
terion and the corresponding constraints Equation B1d. Equations
B2-B7 show the transference of strategic results, whereas Equations
B8-B9 include the tactical goals: Operational cost and Harvesting

Table 1. Pay-off matrix for the strategic and tactical criteria.

connectivity. Finally, the integrated approach begins with the achieve-
ment function and EGP constraints shown in Equations C1-Cld,
whereas the goals are presented in Equations C2-C9.

Problem Resolution

Once the strategic and tactical models had been formulated,
the problem was solved using the two approaches defined ear-
lier. In the “top-down” approach, the first step was to optimize the
strategic forest-management model (Equations A1-A8). The sec-
ond step was to formulate the tactical “rop-down” model replacing
the achievement function in Equation Al by Equation B1, and the
deviations included in Equation Ald by Equation Bld. In addi-
tion, the goals regarding the transfer of strategic results have been
added in Equations B2-B7 as well as the tactical goals (Equations
B8-B9). Finally, considering the EGP formulations, we simulated
three scenarios modifying the A value (A = 0, A = 0.5 and 4 = 1).
In the “integrated” approach, the model was formulated to include the
achievement function Equation C1 and the deviations Equation C1d,
as well as the strategic Equations A2—A8 replicated now as Equations
C2-C7 and incorporating the tactical constraints (Equations C8—C9).

As in the previous approach, we simulated three scenarios
modifying the A value (A = 0, 4 = 0.5, and A = 1), and the third
interaction with the decisionmaker involved selecting the most
attractive solutions according to the results obtained, using the two
approaches and possible alternatives according to the values of A
previously mentioned. As in the second interaction, the procedure
was developed through a “pairwise” comparison format, following
Saaty’s verbal scale (Saaty 1977).Finally, the optimization models
were solved using CPLEX 12.7 on an Intel® Core™ i7-7700U 3.60
GHz processor with 16 GB of RAM. The stopping conditions of
the optimization were 2 h of processing time and a gap between the
current solution and the relaxed solution of below 2%.

Results

Table 1 shows the pay-off matrix obtained by means of the indi-
vidual optimization of each criterion, either strategic or tactical. The
elements of this matrix measure the deviations in relation to the respec-
tive ideal values. It should be noted that these ideal values are shown

Criteria Strategic Tactical

NPV Vol Carb ACR FVol FLog Cost HCon
NPV (MMS$) 0 15.3 74.6 17.1 25.7 36.9 - -
Vol (MMm®) 1.8 0 3.9 1.8 1.3 3.0 - -
Carb (M) 646 544 0 535 355 497 - -
ACR (ha) 1,300 3,048 2,967 0 741 2,439 - -
FVol (Mm?) 3,676 5,881 3,461 2,088 0 1,904 - -
FLog (Mm?®) 1,053 1,161 582 578 633 0 - -
Cost (MM$) - - - - - - 0 4.6
HCon - - - - - - 3,421 0
Aditional information: values (not deviations) of the three criteria more habitually used in strategic planning models
NPV (MM$) 114.5 99.2 39.9 97.4 88.8 77.6 - -
Vol (MMm?) 6.7 8.5 4.6 6.7 7.2 5.5 - -
Carb My =377 =275 269 266 -86 -228 - -

Note: Matrix values represent deviations in relation to the ideal or optimal values. Bold figures denote ideal deviations, and italic figures denote anti-ideal deviations.

NPV net present value; Vol total volume; Carb : carbon sequestration; ACR: age class regulation; FVol: even flow commercial volume; FLog : even flow veneer log;

Cost: operational cost; HCon: harvesting connectivity (total of adjacent stands interventions).
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in bold type, whereas the worst possible values or anti-ideal ones are
in italics. For information purposes, at the bottom of this matrix the
values of the three criteria are shown (NPV, total volume, and carbon
sequestration), which can be usually associated with the maximization
of a strategic objective. In that table, an important conflict is observed
between the criteria, especially with regard to carbon sequestration and
to Even flow veneer log volume. It should be emphasized that the value
of the criterion associated with carbon sequestration is negative when
any one of the five remaining criteria is optimized.

Table 2 displays the preferential weights attached by the deci-
sionmaker to the different goals, as well as the results obtained in
the criteria space according to the approach considered, and the
value of control parameter A. In relation to the responses result-
ing from the third iteration with the decisionmaker for the “rop-
down” models, the scenario of A = 1 was the one selected (shown
in bold in Table 2). Again, according to the decisionmaker, for

the “integrated” models, the scenario of A = 0.5 presents the
preferred solution (also shown in bold in Table 2). Finally,
the decisionmaker prefers the results of the “integrated”
scenarios to the “fop-down” ones, if the two scenarios are
compared with each other.

However, the evaluation of the two scenarios previously selected
(“Top Down” A = land “integrated” A = 0.5) requires a higher level
of details in some of the criteria that are of great importance to
the decisionmaker. It should be pointed out that, for the even flow
criteria, related to the commercial volume, and to the veneer log vol-
ume, the two scenarios selected by the decisionmaker obtained, on
average, a result of over 92% in their respective targets (Figure 4).
However, some periods can be identified in which those ideal values
were not reached or, on the contrary, had been surpassed.

It is interesting to note that the criterion connectivity of harvest-
ing interventions is of paramount importance at a tactical level for

Table 2. Preference values and results, in the criteria space, for the different values of control parameter 1.

Criteria Weights “Top to down” “Integrated’

A=1 A1=0.5 A=0 A=1 A=05 A=0
NPV (MMS$) 13 96.3 89.3 86.0 94.6 97.0 95.4
Vol (MMm?) 04 6.8 6.5 6.2 6.9 6.9 6.5
Carb (Mv) 07 -117 1 15 92 74 -220
ACR (ha) 07 6,521 6,384 5,697 6,453 6,521 5,354
FVol (M) 11 556 1051 1904 614 599 2064
FlLog (M) 33 122 147 137 129 163 316
UnitCost ($/m?) 06 4.8 5.1 6.3 5.2 6.7 8.3
ConHInt 19 1.4 1.3 1.3 1.7 1.8 1.8

Note: UnitCost: operational unit cost; ConnectHInt: connectivity of harvesting interventions. In order to permit a better comparison between the scenarios, the tactical

criteria used were: the Operational unit cost, obtained from dividing the result of the criterion Operational cost by the commercial volume produced in the tactical periods,

and the Connectivity of harvesting interventions, obtained from dividing the result of the criterion Harvesting connectivity by the total of the tactical harvesting interventions.
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Figure 4. Results of the flows of commercial volume production and veneer log of the “top down” A = 1 and “Integrated” A = 0.5 sce-
narios. The values in brackets refer to the result (%) reached in relation to the value of the target considered.
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Figure 5. Annual result of the harvesting schedule for the “top
down” A =1 and “Integrated” A= 0.5. Harvesting interventions in
each year of the tactical planning horizon are also shown.

being an indicator of the spatial result of the annual harvesting
schedule. In this sense, it should be taken into account that the
“integrated” approach for A = 0.5 gives the best result in comparison
with the “top-down” approach for A = 1. The image of the annual
result of the harvesting schedule (Figure 5) reaflirms that the “inte-
grated approach” for A = 0.5 performs better in the aggregation of
harvesting interventions (forming harvesting blocks along the TH)
compared with the “top-down” approach.

Discussion and Conclusions

The multicriteria models presented in this paper represent two
different approaches for embedding strategic and tactical planning,
taking into account the decisionmaker’s preferences, and address-
ing economic, technical, and environmental criteria. Further, for
each approach, several solutions have been calculated according to
different values of the control parameter A, which trades off the
“optimum average” with the “optimum balance” (i.e., trading-off
efficiency versus equity).

If the two approaches employed are compared in the light of the
results obtained in Table 2, it can be seen that the results are reason-
ably alike, although, for some criteria, better results are procured
by the “top-down” approach (even flow deviations and operational
unit cost), whereas for other criteria, the one selected would be,
everything else being equal, the “integrated” approach (connectiv-
ity of harvesting interventions). In the end, taking into account the
results shown in Table 2, none of the solutions dominate, although
the decisionmaker has chosen the “integrated” approach and a value
of A = 0.5. Also, it is surprising that, for each approach, the deci-
sionmaker has selected a different scenario, which, logically, means
a different preferential interpretation (Diaz-Balteiro et al. 2013).

Analyzing other works on these lines, it seems that there is no
unanimity on which approach should be selected. Starting from
the basis that the case studies are different, Beaudoin et al. (2008)
show that the “zop-down” approach holds some advantages when
measuring the impact of the results of the upper level on the lower
one, in anticipation of future problems. However, Troncoso et al.
(2015) and Bouchard et al. (2017) give evidence of the superiority
of the results of integrated monolithic approaches in improving the
“forest profitability” of the respective companies. Also, it is worth

noting that GP has already been used in tactical planning prob-
lems including spatial issues. Thus, Silva et al. (2010) raise some
environmental objectives (soil erosion, contamination of water
resources, and visual impact of harvesting). However, Gdmez et al.
(2011) show a model that hybridizes a nonlinear GP model with
a metaheuristic one called “SSPMO” (Scatter Search Procedure
for Multiobjective Optimization; Molina et al. 2007), incorporat-
ing spatial constraints (ARM). Finally, also in Augustynczik et al.
(2016), GP models are formulated to integrate spatial objectives, in
this case linked to adjacency constraints. The spatial issues shown in
these papers could be incorporated into the generalized framework
explained above.

However, it has also been proven that the complexity of the prob-
lem could have a notable influence when selecting one approach or
another. To be specific, the tactical criteria considered in this work
(harvesting connectivity and operational cost) are not extended
along the whole strategic PH, because of the computational com-
plexity of the formulated models. This makes it impossible for them
to be resolved unless other techniques such as metaheuristics are
used (Bachmatiuk et al. 2015, Dong et al. 2015, Augustynczik et al.
2016). In this regard, Eyvindson et al. (2018) recommend selecting
the approach in terms of the complexity of the case study analyzed.

The results obtained for the criteria of strategic nature are simi-
lar to the ideal values shown in the Table 1, except for the criterion
associated with carbon capture. This result is explained by the ini-
tial structure of the forest age classes that is somewhat unbalanced,
as shown in Figure 2. This situation has already been noted in other
works that have used similar multicriteria techniques (Diaz-Balteiro
and Romero 2003). Also, given the initial unbalanced structure of
this forest plantation, modifications of this criterion could have
been entered in the EGP models, with the aim of tempering
this situation. Some examples in this respect can be consulted in
Bertomeu et al. (2009), Diaz-Balteiro et al. (2009a) and Herndndez
et al. (2014).

In another direction, it is of interest to note the interactive
challenge offered by this methodology. Indeed, the decision-
maker not only selects the criteria, the weights associated with
them, and the targets related to each goal, but also chooses the
optimal solution of each approach, selecting a posteriori the
value of A in each case. Therefore, it would seem to be relatively
simple to extend this methodology to a set of stakeholders, which
constitutes an open problem nowadays in the field of operations
research in forestry (Rénnqvist 2015). Concretely, the proposal
would be to hybridize this technique (EGP) with a group deci-
sion model to integrate the preferences of different stakehold-
ers on the lines shown in Diaz-Balteiro et al. (2009b) or Aldea
et al. (2014). One possible future line of research for this type
of forest system would be to introduce other ecosystem services
and incorporate them into these hybrid models. One example
can be found in Borges et al. (2017). On the other hand, it also
seems interesting to extend these types of models to nondeter-
ministic scenarios, either introducing risk as an additional com-
ponent of a GP model (Diaz-Balteiro et al. 2014) or merging GP
models with stochastic elements, as proposed by some authors
(Eyvindson and Kangas 2014, Alvarez-Miranda et al. 2017). This
direction as stated by Eyvindson and Kangas (2018) will require
not only changes in the models but also probably changes in the
formulation of the criteria considered in the exercise.
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Because of its modular structure, the proposed framework might
be the embryo of a general decision-support system for dealing with
many forest-management problems of different nature just by acti-
vating and deactivating their different modules by different par-
ticularizations of the auxiliary parameter values of the generalized
model according to the characteristics of the particular problem
analyzed.

Endnote
1. heep://www.gateados.com.br/novo/index.php

Appendix
Top-Down Approach
Strategic achievement function [y, =1, 7, =0, 4 =1,and § = 0]:

Min(1—A)D, + A(2.3n, +14n, +149 p, + 28(n, + p,)

+25(n; + ps)+380(n, + p)) (A1)

Strategic goals [t =1and § =0]:

2.3n <D,

14n, < D,

149p, < D,

28(n, + p,) <
25(n; + p;) < D,
380(n, + ps) < D,

2551 M
N Y NPV, x, +n,
s=1 m=1
2551 M

Y. Y vorL, x,, +n,— p, =7,650,016

(Ald)

- p, =103,305,019 (A2)

(A3)

sm ™ sm
s=1 m=1

2551 M

Y ycs,

s=1 m=1

2551 M

zzxsma +7l4 _p4 = 1’235
s=1 m=1

2551 M

N N Ve, ux,, +n— ps = 238,309
s=1 m=1

2551 M

> N VIx,, +ns— ps =27,841 k=1,..,30

s=1 m=1

—CE, )x,, +n, — p, = 242,106 (A4)

a=1..5 (A5)

k=1,.,30 (A6)

(A7)

subject to Equation 14.
Tactical achievement function [y, =1, 7, =0, 4 =0,and § =1

Min(1—-A)D, + A(1.7n, +10m, +112 p, +22(n, + p,) +19(n5 + p5)
+285(ng + pg)+54n, +13 p;)

(B1)
1.7(m)< D,
10(n, + p,) < D,
112(n, + p;) <
22(n,+ p, )< D,
19(n + p;) < D, (B1d)
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285 (1, + pg ) <

54(n,)< D

13(p,)< D,

Transference of strategic results § = 1:

2551 Mt

z ZNPmem +n = p =npv*

s=1 m=1
2551 Mr

ZZVOLM x,, +n,— p, =vol*

s=1 m=1

(B2)

(B3)

2551 Mr
3,
s=1 m=1
2551 Mr

— *
Zme +n,— p, = acr
s=1 m=1
2551 Mr

ZZchkxm +n,— p; = fvol*

s=1 m=1

—CE, )x,, +n,— p, =carb™ (B4)

(BS)

k=1,..,30 (Bo)

2551 Mr

2V,

s=1 m=1

L+ —po=FLog* k=1,..,30 (B7)
It should be noted that the right-hand terms of equations B2-B7
are transference targets. Thus, in each strategic scenario for several
values of A, a different strategic result is obtained, implying differ-
ent target values. The values of the tactical targets, which transfer
strategical results, differ according to the formulated scenario fol-

lowing the respective value.

Tactical goals [0 =1]:

2 iedk +n, — p, =8,562

(B8)
s,leg(L) k=1
2551 3 S 3
zzcﬂz :/z+zzcu/ezv/e+n8_p8 :3’501’652 (B9)
s=1 k=1 s=1 k=1

subject to Equations 15-18.

Integrated Approach

Integrated achievement function [y, =0 and y, =1]:

Min(1=A)D, + A(1.7n, +10m, +112 p; +22(n, + p;)+19(ns + ps)
+285(n, + pg)+54n, +13 p,)

(C1
1.7(n )< D,
10(n2+p2)s
112(n, + p,) < D
22(n, + p,) < D,
19(n, + p;) < D, (C1d)
285(n6+p6)S
54(n,)< D,
13(p,)< D,
Goals:
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2551 M
N Y NPV, x,, +n — p, =103,305,019 (C2)
a1 o
N> Yvor, x,, +n,— p, =7,650,016 (C3)
101
> >\(CS,, —CE,)x,, +n, — p, = 242,106 (C4)
251 8
N oxtn—p=1235 a=1..5 (C5)

a1 o
NN Ve, ux,, +n— ps =238,309  k=1,.,30 (C6)
s=1 m=1

2551 M

N N VI x, 40— pg=27,841 k=1,.,30  (C7)
s=1 m=1

3

> Ne,+n —p =8562 (C8)
s,\leg(L) k=1
2551 3 2551 3
NN w2, Y cuzy g — py=3,501,652  (C9)
s=1 k=1 s=1 k=1

subject to Equations 12-18.
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