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Abstract
Cerrado presents great potential for the use ofesurces, whether timber or non-timber, as fruits
firewood and charcoal. Thus, this study aimeddbttee use of forest regulation model type | ieramant
of cerrado, applying the integer linear programmifige studied area was a remnant of cersfsu
stricto located in S&o Romao — MG. The type of forest mement carried out was the strip cutting. with
post regeneration conduction. The model type |apgdied generating 8 scenarios considering 14 ye#ars
planning horizon. The tested scenarios consideeedrea control, volume control and also both otsin
the same model, where the objective function wasarimize the present value of revenues (PVR).rAfte
data processing it was observed that scenario Sthveabest, because it obtained the lowest amplitude
variation (425 — 575 halyear) and volume (18.0021-000 niyear) of the exploited surface limits,
presenting a PVR of R$4,004,561.58. It is posdibleonclude that the developed models were able to
regulate the volumetric yield in constant flows otke planning horizon, representing a promising
alternative for the sustainable planning of the dv@sources of the cerrado.
Keywords Mathematical programming; forest regulation; &inmanagement.

Resumo
Uma abordagem aplicada da programacéo linear irtaiio manejo do cerrad® cerrado apresenta
um grande potencial de uso de seus recursos, stganmadeireiros ou nao madeireiros, como frutos,
lenha e carvao vegetal. Assim, o trabalho teve coljetivo testar o uso do modelo tipo | de reguaca
florestal em um remanescente de cerrado utilizangdogramacao linear inteira. A area de estudo foi
um remanescente de cerraslensu strictolocalizado em Sdo0 Romdo — MG. O regime de manejo
elaborado foi o corte em faixas com posterior cqéduda regeneragdo. O modelo tipo | foi aplicado
gerando 8 cenarios em um horizonte de planejanEntigl anos. Os cenarios testados consideraram o
controle por area, por volume, bem como ambos remmenodelo, sendo a fungéo objetivo o valor
presente das receitas (VPR) a ser maximizado. Ag@recessamento dos modelos observou-se que o
cenario 5 foi o0 melhor, possuindo limites de argalarada (425 — 575 ha/ano) e volumétricos (18:000
21.000 nYano) com menor variacdo de amplitude, apresent®$#b004.561,58 de VPR. Pdde-se
concluir que os modelos formulados foram capazesedaelar a producédo volumétrica em fluxos
constantes ao longo do horizonte de planejamentosie grande maioria, constituindo-se de uma
alternativa promissora ao planejamento sustentsetecursos madeireiros do cerrado.
Palavras-chaveProgramacao matematica; regulacgao florestal; mdtmgstal.

INTRODUCTION

Cerrado is one of the most important physiognorigsirring in Brazil, and this is proved by
the constant development of scientific researchdbe last decades. However, when the management of
its resources is observed, there is lack of infeiona mainly at a strategic level. Although thisas
reality, it is not possible to forget that foresamagement is made of principles and techniquesh#iptin
the sustainable use of the available resources.
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According to Scolforcet al. (2008), cerrado vegetation in the state of MinasaSepresents
potential for wood production in privileged regioothe north/northeast, where vegetation has tEggg
biomass. Due to structural characteristics of thtva plants, wood production of cerrado is pradlyc
turned to production on charcoal, to meet stealstny requirements.

One positive silvicultural characteristic of thereglo vegetation is the capability to grow shoots
after interventions (BARREIRAt al, 2000; MORAISet al, 2011), saving the need to make enrichment
plantings or apply other silvicultural techniqueattare commonly observed in the uneven aged frest
thus making the cerrado management economicallgle/i@OLIVEIRA et al, 2002). However this
viability depends on the level of intervention (SIKORO et al, 2008), cutting cycles (SILVAt al,
2011), productivity (LEITE, 1998), cost of the laf@LIVEIRA et al, 2000) and market variables
(COELHO JUNIOREet al.,2008). Furthermore, the alteration of flowering @msition of the cerrado is
little affected, considering the capability to grehoots and the care during/after the exploitadictivity.

Production sustainability is a challenge to plagnand organization of the forestry activity,
being a component of the forest regulation. Leuscl{fh984) defines the concept of regulated forest a
being the one where annual or periodical productiath equal volume, dimensions or quality, takes
place. Davis and Johnson (1987) completed thiseqnstating that some requirements are essential to
obtain a completely regulated forest, and they malaion with growth rate, age equilibrium of theeas,
approximately equal or periodic production of treeh desired dimension and quality which are
regularly available for logging. In resume, it mnceptually expected to obtain an ideal foreshoaigh it
is rarely achieved, and for this reason the terrmabforest is used (LEUSCHNER, 1984).

Silva and Ribeiro (2006) describe that forest fotais one of the most important factors in
forest planning and regulation, since rotation udels the time period from planting to cutting, and
impacts on the productive structure.

A recurring factor in works on forest regulationtli® maximization of profit for the forest as a
whole, in opposition to the vision of the optimipat at the forest compartment level. Forest regutat
therefore grants the annual wood production, catatdhg itself as an important method for the irtduys
in the search for production sustainability (SIL\éAal, 2007), and supporting the planning of activities
in the three hierarchic levels (strategic, tactid aperational). According to Chiavenato (20063nping
consists in a set of decision makings which afteetproject over the planning horizon, with the am
absorb the uncertainty of future and allow the cani@s more consistent performances.

A form to support the decision making process is tlse of mathematical programming
techniques, as for example the linear programmigording to Montevecchi (2000), this method aims
to maximize/minimize an objective function, formieg profits and costs, with the intention to effiuily
allocate limited resources.

Therefore, the aim of this work was to apply theeger linear programming to the production
regulation of a cerradsensustricto remnant, considering an exploitation structureaaiged in strips, as
permitted by legislation in the state of Minas Ger&urthermore, to verify the viability of the mald
regulation in this type of physiognomy, consideranglanning horizon of 14 years.

MATERIAL AND METHODS

Characterization of the studied area

The forestry project is located in the municipaldy S0 Romdo — MG, with a total area of
approximately 7,706 hectares, being the native tetipa classified as cerradsensu stricto.The
municipality lays at an average altitude of 425&tens and the climate is Aw type, typical tropiaest
and dry (savanna), according to the Koppen clasgifin. Mean temperature in the coldest month is
above 18 °C (NIMER, 1979) and the type of predomirsil is neosol (SCOLFOREX al, 2008).

Volumetric quantification of the woodstock

Forest inventory to determine the volume of woods veeganized defining 157 rectangular
sample stands, each with an area of 1080sistematically distributed and 700 meters farheaiher.
Sample stands were geographically identified witiMJcoordinates and then circumference at breast
height (CBH), at 1.30 meters from the ground, am& total height of all the plants were measured.
Inclusion criteria for plants was CBH 15,7 cm. Plants volume was obtained accordindnéoegjuation
proposed by Rufingt al.(2010).

After obtaining the volume per each sample, spadaigrpolation of the volume variable was
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performed using the kriging method, according tatdescribed by Alvarenga (2012). Volumetric praiduc
was then divided into 5 classes of productivitjudig the entire area of the forestry project (reyl).
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Figure 1. Woodstock predicted {tina) for the cerradeensu strictan the project area.
Figura 1. Estoque de madeira estimaddl{a) para o cerradgensu strictma area do projeto.
Source: Alvarenga (2012).

Division into stands and definition of the exploitéion strips

After the volumetric productivity map was obtain#te areas where exploitation was forbidden were
identified and excluded, thus defining the effectwea where the forest management plan was fapbeca

Division of the area into stands was then carriedlimiting the maximum area of each stand at
100 ha and also defining the roads between thens Why, 83 stands were created with a potential
effective area to be exploited of 6,849 ha. Aftefimition of stands, a further step was to defihe t
exploitation strips, considering a maximum widthl@0 m (Figure 2). Calculation of the volume peipst
was performed multiplying the area of each polydorated in the strip by the central value of the
productivity class, to which the respective polydmtonged. Thus, the sum of these partial volunae® g
the total volume of the strip.
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horizon of 14 years.
Figura 2. Mapa final da area efetiva de manejoratrabalhada e regulada ao longo do horizonte de
planejamento de 14 anos.
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Mathematical formulation for the forest regulation

The executive order n° 191, of the IEF/MG, detemsithat the management plan to be applied
in the studied area belongs to the category defase8implified Forest Management Planning in Strips
This planning is intended as the exploitation topleeformed in strips, through clear cut, withowing
roots off, with a maximum intervention limit of 50% the compartment area. This means that the
remaining strips must be alternated to the explodres, and must always be equal or bigger than the
latter, to ensure regeneration until the next laggiycle.

Starting from these legal recommendations, the gemant prescriptions for the compartments
were defined, considering management in striph@shosen option Thus, compartments had a total of
14 management alternatives (exploitation optiowit)) the options from 1 to 7 being related to agtof
the even strips in the first seven years of thanmileg horizon, and the odd strips in the secong. Stae
opposite of this procedure is related to optionsnfi8 to 14 (Table 1). In the end, only one managgme
planning should be chosen for each compartment.

Due to the lack of studies in this area about gngwand production rates, a mean annual
increment (MAI) of 2.07 ri(ha.year} was adopted, as being the mean between some dstualiges.
According to Leite (1998), the MEI in an area ofradostrictu sensowith a lower population density
reaches 1.52 r(ha.yearf, and 2.61 r(ha.year) in areas with higher population density, in the
municipality of Jodo Pinheiro, northeastern regidiMinas Gerais.

Volumetric production of wood was dimensioned fbe tsupply of an hypothetical market,
where the price paid was determined as R$25,80 The annual interest rate of 8% was used in the
decapitalization of the net revenue, thus obtaitiegpresent value of revenue (PVR).

Table 1. lllustrative example of generation of theanagement prescriptions options considering
exploitation of strips over the planning horizon.
Tabela 1. Exemplo ilustrativo de geracdo das pigses de manejo considerando op¢des de exploracdo
das faixas ao longo do horizonte de planejamento.
Compar M.A Planning horizon (years)
tment 12 3 4 5 6 7 8 9 10 11 12 13 14
1 P |
P |

© 0N U WNPE
U

G R B
5
T
5
T

14 | P
(MA: management alternative, P: even strip explwita |: odd strip exploitation).

The mathematical model used in this study corresgorthe | model, according to the definition
by Johnson and Sheurmann (1977), composed by thewifty structure: (1) objective function
dimensioned to maximize the present value of reeef®VR) of the area; (2) integrity constraint lod t
management units; (3) and (4) volumetric productiox control constraints; (5) and (6) control coasts
of the exploitable area; (7) constant flewvén flow constraint in area (ha); (8) constant flexén flowy in
volume (m); and (9) binary constraints on decision varialidéshe model. All constraints were used
according to each established scenery, wtM ‘e; is total number of compartments to be managetien

cerrado areeP — is total number of management alternatives &oche&ompartment to be manag®¥-is a
decision binary variable {0, 1} of the model refmirto management alternatiyeto be applied in
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compartment located in the areii — is the PVR of the compartmengiven by management alternatijve

& _ total area (ha) to be exploited in the time gubki of the planning horizon referred to compartmient
and management alternatiie'x — total volume (1) to be exploited in the time periddof the planning
horizon referred to compartmeirand management alternatijeHP — planning horizon of the projedk;—
period of time belonging to the planning horizétP}; V- — inferior volumetric annual target {rto be
exploited in the time periol of the planning horizorVs — superior volumetric annual target*jno be
exploited in the time periold of the planning horizor#'« — inferior target area (ha) to be exploited in the

time periodk of the planning horizor4% — superior target area (ha) to be exploited intithe periodk of
the planning horizon.

Objective Function:

Max VPR ii R (1)

=1 j=1

Constrains
P
z X, =1, Dictz.m 2
e
M P |:|
D3 VX, 2 Vi, —k={L,2,...HP} 3)
i=1 j=1
M P M
DY VX, VS, —k={1,2,..,HP} 4)
i=1 j=1
M P [
2D 8% 2 Ak, —k={1.2....HP} (5)
=1 j=1
M P [
DD 8 < A, kL2, HP) )
i=1 j=1
M P M _P
zzvuk X = ZZ Vi1 X+ =z mp -1 (7)
i=1 j=1 i=1j=1
M P M P
Zl:Z;aﬂijJk Z;Z 1 Y+ k=g, wp- (8)
i=1 j =
% 0{0,1 0;,0 9)

Due to the imposition of a complete cut for eacipsbeing the partial cut excluded, the integer
linear programming was used, whose decision vaitak a binary form {0, 1}, in which the integrity
granted by the use of only one management altematr compartment. According to legislation, there
are restrictions to exploitation of species whosttimg is forbidden, however, this aspect is not
processable in the mathematical model due to lagkarmation.

Eight scenarios were considered in this work (Ta®je with variations in the volumetric
constraints (volume control), area constraintsga@ntrol) and a combination of these two controle
tested scenarios have the same equations witlorekat the objective function, and the same bireargt
integrity constraints, being differentiated only gpecific constraints. The softwaleM ILOG CPLEX
12.2 Optimization Studisvas used for data modeling and processing, comsgl¢he branch and cut
algorithm.
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Table 2. Technical information for forest regulatilmvolving mathematical models and respective
tested scenarios.

Tabela 2. Informacdes técnicas para a regulacaesfldl envolvendo os modelos matematicas e seus
respectivos cenarios testados.

Area control Volume control
. Equations used in the mathematical (ha.year?) (miyear?)
Scenario model formulation Inferior Superior Inferior Superior
limit limit limit limit
1 1,2and 9 Without constraints Without constsint
2 1,2,56and9 485 515 - -
3 1,2,3,4and 9 - - 18,000 21,000
4 1,2,3,4,5,6and 9 485 515 18,000 21,000
5 1,2,3,4,5 6and9 425 575 18,000 21,000
6 1,2,8and 9 Even flow - -
7 1,2, 7and 9 - - Even flow
8 1,2and 9 Even flow Even flow

RESULTS AND DISCUSSION

The forestry project

The effective management area of the project %612 ha, divided into 83 compartments and
940 strips, with maximum strip width of 100 mt acdmpartments area of approximately 100 ha. The
area has an estimated total woodstock of approei;na63,213 My corresponding to a gross revenue of
R$5,880,330.74, under the hypothesis that a complear cut was possible in the area.

During the division of the area in compartmentsats noticed that the biggest compartment was
103.5 ha and the smallest was only 12.071 ha, laadiatter had also the smallest estimated volumetri
producti?ﬁn equal to 558.5%mOn the other hand the most productive compartrhadta woodstock of
4,872.6 m.

Analyzing the number of the generated strips, it waticed that compartment 78 had 30 strips
representing the biggest number, while compartn@dtsnd 59 had only 4 strips, the smallest number o
strips per compartment. Variations in the areaosfijgartments and in the number of strips are duketo
characteristic shape of the studied area, suchthigapresence of watercourses, and consequently of
permanent preservation areas (APP), affect the damies of the compartments, limiting the
standardization options and thus the possibilitgreate geometrically defined shapes, as can higeder
in the map of the area. Those information are irigdrto demonstrate the level of complexity of a
forestry project in terms of area and volume vaie, and how difficult its regulation can be.

Analysis of scenarios

There was a variation in the processing time ofdight scenarios, as expected, where scenario
(1) had the lowest processing time (1.17 secongs)}al lack of area and volume control and also lexa
it had the lowest number of constraints, only 83. tBe other hand, scenario (2) was the most time
consuming (3,600.91 seconds), being formed onlghbyarea control (Table 3).

The number of decision variables was the samelfdhe tested scenarios, equal to 1,162, thus
including the 14 management alternatives for thec8Bpartments in the area. Constraints for each
scenario varied according to the tested one, witlimimum of 83 (scenario 1), without area and vaum
control, and a maximum of 139 (scenarios 4 andd&)sidering area and volume control together.

The objective function of the model was intendedmaximize the PVR for the different
scenarios, although scenarios 4, 6, 7 and 8 weveahie due to the difficulty to reach the expected
targets since they presented constraints that diéfreult to consider in the model. The other scéma
presented PVR values that varied from R$4,004,%64&rsl R$4,672,285.74 respectively for scenarios 5
and 1 (Table 3).

The maximum PVR can be observed in the scenarginte there was no control for the area
and volume, resulting in the maximum possible eixgiion for the year 1, resulting in the simultanso
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logging of the 83 compartments in the years 1 anith &he other scenarios there was a small difiszen
observed between the PVR values, because there liwetations on area, volume or both. Thus the
interest rate affected the area to be exploitedtdukecapitalization for year zero, as expected.

Table 3. Analysis of processing results of the acies evaluated by ILP.
Tabela 3. Andlise dos resultados do processamestoaharios avaliados via PLI.
PVR

Scenario Decision variables constraints Time (s) (miFg;))ns (tho\lﬁcs)lel:r?c]iz )
1 1,162 83 1.17 4.67 258.1

2 1,162 111 3,600.91 4.13 270.6

3 1,162 111 64.07 4.00 273.9

4 1,162 139 3,188.82 - -

5 1,162 139 100.38 4.00 273.9

6 1,162 96 360.00 - -

7 1,162 96 1,186.47 - -

8 1,162 109 2,348.61 - -

Forest regulation, however, has a price consisitinthe difference between the PVR of the
considered scenario and the maximum PVR (scengricefiresenting thus the price paid for production
regulation (volume and area). Expenses to balamoduption for the entire area over the planning
horizon varied from R$540,475.07 and R$667,724Pt&e of regulation is depending on the revenue to
be received, in other words it is not a price paidegulate the forest but it represents a lackhaifis.
Evaluating the total volume to be harvested in esxgnario, it is observable that volume of scenari®
the lowest, however its PVR is the highest, showiogv even with a lower volume harvested, the
position in the list of the more profitable sceparis not altered, mostly because of the annuatest
rate considered in the study, that was 8% .

The comparison between area to be harvested invahieus possible scenarios shows that
scenario 1 is harvested only in the years 1 armh@,50% of its entire area is logged in these ydars
total of around 3,500 ha (Graph 1), as was expettadresting of such big cerrado areas in justywae,
with the alternated strips system, could demandeatgnumber of field teams, machinery and so on,
demanding a great mobilization of resources andcaarate logistic plan, that, depending on theoregi
could result in a technically impossible operation.

4,0
35 |- i O Cendério 1
B Cendrio 2
3.0 1 O Cendrio 3
= 2,5 A B Cenario 5
EE.O 8
= :
= 1,5
1,0
Sl nnmimmnnmnmi
0,0 M

1 2 3 4 5 6 7 8 9 10 11 12 13 14
Horizonte de plangjamento (ano)

Graph 1. Areas to be harvested over the planniniggdm for the scenarios that obtained optimal
solution.

Gréfico 1. Areas a serem exploradas ao longo dizdmte de planejamento para os cenarios que
obtiveram solucédo 6tima.
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In years 1 and 8 the scenario 1 still have the dgggolumetric productions in a single year.
However, the objective of this study was the fonegjulation with the intention to obtain a regular
production, as constant as possible, within annmtewith inferior and superior limits of area and
volume. Thus the scenario 1 is not a good optiotdochosen, since it does not provide a regular
production over time, the forest would not be adyuagulated.

Comparing scenarios 2 and 3, the lack of consgamarea control allowed a variation of 198.0
ha (from 377.2 to 575.2 ha) in scenario 3, and 80l\ha (from 485 to 515 ha) in scenario 2. Thisagho
how constraints of this nature are important.

Comparison of the volumetric exploitation betweeergrios 2, 3 and 5 (Graph 2) shows that
scenarios 3 and 5 were successful in reachingattyet, granting balanced volumetric productionsrove
the planning horizon. However, scenario 2, not h@this type of control, allowed a volume variatiain
22,461.9 m (7,211.5 m and 29,673.4 M), fact that was not observable in scenarios 3 Bnaith
variations of 3000 h(18.000 to 21.000 M

OCendrio 1
140 - - B Cendrio 2
120 ] OCenério 3
100 - O Cendrio 5

Volume (mil m%)
oo
(=)

S hibnm

o AL AT AN 0o R AR
1 2 3 4 5 6 7 8 9 10 11 12 13 14

Horizonte de planejamento (ano)

Graph 2. Volumes to be harvested over the plarimangon for the scenarios that obtained optimaltgmi.
Gréfico 2. Volumes a serem exploradas ao longo alizdnte de planejamento para os cenarios que
obtiveram solucao étima.

The analysis of scenarios altogether shows thahasime 5, which has volume and area
constraints, presents the best result in termereft regulation compared to the others, with aes=se of
14.29% from the maximum possible PVR (scenario 1).

It is further noted that volume control is the md#ficult to be obtained, when compared to area
control, since area constraints could be reduceshtamplitude of 30 ha (3% of the average that vB8s 5
ha), while volume constraints had a minimum amggtwf 3000 M (7.59% of the average, that was
19,500 m). Thus, when these intervals were tested altogéduenario 4), there was no solution to the
problem. One hypothesis to solve this problem & division of the area to be managed in smaller
compartments, increasing the number of possiblebamations, however this solution would increase the
operational difficulties when eventually applied.

Operational scheduling of the harvesting activitiegor the management plan.

Scheduling of the forest harvesting can be plareambrding to the optimum solution of the
model, considering the best scenario (5). The nurobstrips and compartments to be harvested each
year are different year by year (Table 4), howetrer area and volume control is respected. The
compartments harvested in a determined yewl be visited by the logging team in the timerj+such
that i={1,2,...,7}, alternating even and odd strgzeording to the managing prescription to be fedd.
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Table 4. Forest harvest scheduling plan for theader considering the scenario 5 analysis.
Tabela 4. Agendamento da exploracdo florestal pagano de manejo do cerrado considerando a
analise do cenério 5.

Planning horizon Area (ha) Volume (m) Number of strips ~ N° of compartments
1 547.43 20,920.03 87 17
2 516.67 19,215.38 73 12
3 425.66 18,234.57 45 9
4 456.26 18,009.92 50 10
5 443.96 18,035.01 62 10
6 509.78 18,006.94 87 13
7 565.98 18,000.83 70 12
8 513.87 20,999.01 86 17
9 501.84 20,990.97 72 12
10 425.22 20,883.72 45 9
11 454.13 20,754.24 50 10
12 438.97 20,446.35 60 10
13 490.68 20,116.61 83 13
14 558.67 19,277.87 70 12
CONCLUSION

e The use of linear integer programming models ferftrest regulation of a cerrado sensu stricto area
is valid, allowing the control of production withithe annual volume and area limits. This way,
scheduling of the logging activities becomes mdfective, since planning permits the dimensioning
of resources to be used. It also possible to obstrat volume control is the most difficult to be
obtained in the studied area, when compared tocamatzol.
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