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ABSTRACT: In industrial forest plantations, the spatial distribution of management 
units for harvest scheduling influences the timber production cost and the non-
renewable resources consumption, due to issues related to transport logistic. In this 
context, this research aimed to formulate Integer Linear Programming (ILP) by means 
of the application of Floyd-Warshall network optimization algorithm to generate timber 
production routes, minimizing the production costs resulting from harvest activities and 
forest road maintenance. Then, scenarios were simulated considering different minimal 
harvest ages for Pinus spp. and Eucalyptus spp. stands. The planning horizon was five 
years with annual periodicity. The study area was 23,330 hectares of forests, located in 
Paraná state (southern Brazil). We compared the simulated scenarios according to the 
following parameter indicators: harvest income, building road network and the production 
unit cost. The decreasing of the minimal harvest age reduces the mean production of 
management units scheduled to be harvested, in other hand, it requires fewer roads to 
be built, and consequently increases the production unit cost. The solutions obtained by 
using ILP models presented an optimality gap lower than 0.1%.

PLANO DE AGENDAMENTO DA COLHEITA FLORESTAL INTEGRADO À 
REDE DE ESTRADAS

RESUMO: Nas plantações florestais industriais, a distribuição espacial das unidades de 
manejo agendadas para colheita influencia o custo de produção madeireira e o consumo 
de recursos não renováveis, devido às questões relacionadas com a logística de transporte. 
Neste contexto, o objetivo do estudo foi formular modelos de Programação Linear Inteira 
(PLI) por meio da aplicação do algoritmo de otimização em redes Floyd-Warshall na 
geração de rotas de produção madeireira, minimizando o custo de produção resultante 
das atividades de colheita e manutenção de estradas. Em seguida, foram simulados cenários 
considerando distintas idades mínimas de corte de talhões de Pinus spp. e Eucalyptus spp. 
O horizonte de tempo foi de 5 anos com periodicidade anual. A área de estudo foi 23.330 
hectares de florestas, localizados no estado do Paraná (sul do Brasil). Nos comparamos os 
cenários simulados de acordo com os seguintes parâmetros indicadores: rendimento da 
colheita, rede de estradas utilizada e custo unitário de produção. A diminuição da idade 
mínima de corte reduz a produtividade média das unidades de manejo agendadas para 
colheita e, por outro lado, requer menos estradas edificadas, o que consequentemente 
diminui o custo unitário de produção. As soluções obtidas pelo uso dos modelos PLI 
estiveram menos de 0,1% distantes do ótimo global.
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INTRODUCTION

Average productivity of stands and its spatial 
distribution, considering the displacement of harvest 
operation team and the transport of logs, represent two 
of the main factors that contribute to the forest harvest 
performance. Therefore, the harvest schedule generation 
should consider these factors directly or indirectly.

The road network should be an integrated part 
of the forest harvest planning, what makes it a very 
complex task. The computational procedures of harvest 
optimization integrated to the road network can reduce 
the budget and the environmental impact caused by such 
activity. These mathematical tools allow the production 
of scenarios that represents the problem at hand, 
providing important information to support the decision-
makings (MCDILL, 2014).

Kirby et al. (1986) were one the first authors to 
describe an integer formulation called Integrated Resource 
Planning Models (IRPM) of forest management, the class 
of operational research models that simultaneously 
integrates the problem of harvest and the configuration 
of the forest road network. Guignard et al. (1998) and 
Andalaft et al. (2002) described scientific approaches 
of IRPM formulation by the exact method through the 
Mixed Integer Linear Problems (MILP), using the Branch-
and-Bound algorithm.

The shortest path algorithms, such as the dynamic 
programming algorithm called Floyd-Warshall (1962), 
have been used in formulation of IRPM models through 
MILP models. In these cases, the models are formulated 
including flow restrictions generated by the shortest path 
algorithms (AKAY et al. 2013).

Based on the IRPM formulations, it is possible 
to measure the influence of several parameters related 
to forest yield, harvest dispersion and production unit 
cost. From this assumption, the following questions may 
arise: How much can these models influence timber 
production cost? What is the volumetric production 
in such scenarios? What are the computation tools to 
model such problems?

The purpose of this study is to apply decision 
making aid tools on the forest harvest planning in 
Eucalyptus spp. and Pinus spp. stands. The specific 
objectives were: 1) Minimize the production costs 
resulting from harvesting operations and forest road 
maintenance. 2) Simulate forest harvest scenarios 
with the adoption of different minimal harvest ages of 
Eucalyptus spp. and Pinus spp. stands. 3) Compare them 
according to the following performance parameters: 
harvest income, used road network and the production 

unit cost. 4) Check the influence of Floyd-Warshall 
shortest path algorithm in the performance parameters.

MATERIAL AND METHODS

Study area

The data considered for the present paper were 
obtained from a forest project of a Brazilian forest 
company located in the state of Paraná, southern Brazil. 
The total planted area covers 23,330 hectares, containing 
2,455 stands of Pinus spp. and Eucalyptus spp. The main 
purpose of the stands is pulpwood production, the 
management regime is clear cut followed by replanting 
and the rotation age is of 8 and 16 years for Eucalyptus 
spp. and Pinus spp., respectively. Additionally, there 
are also older stands due to spatial location and other 
secondary production goals.

Table 1 presents the initial structure of the forest 
stands by age class considering the frequency of Pinus 
spp. and Eucalyptus spp. stands, respectively. This forest 
was used to validate the proposed mathematical model, 
but their applications are feasible in other forests too.

Cost definitions

The operational costs covered two activities: 
harvesting and road network maintenance. The 
harvest cost of each stand was calculated per tons 
of produced timber, ranging from 8 up to 16 R$/
ton, including the procedures of cutting, processing, 
dragging and loading.

The road network was composed of unpaved 
roads (main and secondary) and paved roads. 
However, the road building cost depended only 
on the class of unpaved road. Fixed costs of road 
maintenance were established for two unpaved 
road classes: main road class and secondary road 
class, whose costs were equal to R$15,000/km and 
R$5.000/km, respectively. The construction of new 
road sections, in this study, was not considered. 

Generation of flow routes

To establish fixed values for road network 
maintenance is not a viable condition because with 
one segment of main road it is possible to access many 
stands, resulting in combinatorial possibilities of options. 
Based on this assumption, different paths from the stands 
to the paved road were simulated based on the creation 
of graphs representing such components.
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After the graphs buildings, the Floyd-Warshall 
minimal path algorithm was applied to generate the array 
of paths containing the sequences of road sections that 
represents the minimal path to be made from the stand 
up to the paved roads. 

TABLE 1 Initial structure of the Pinus spp. and Eucalyptus spp. forest available for harvest planning. 
TABELA 1 Estrutura inicial da floresta de Pinus spp e Eucalyptus spp. disponível para o planejamento da colheita.

Age class (year)

Pinus spp. Eucalyptus spp.

 Area Management Unit  Area Management Unit

(ha) (%) Frequency (%) (ha) (%) Frequency (%)

0-4.9 1,497 13.84 110 7.89 9,070 72.53 595 56.13

5-9.9 4,307 39.81 534 38.31 2,866 22.92 335 31.6

10-14.9 2,743 25.35 320 22.96 58 0.46 18 1.7

15-19.9 543 5.02 99 7.03 72 0.58 14 1.32

20-24.9 53 0.49 25 1.79 74 0.59 22 2.08

25-29.9 38 0.35 19 1.36 123 0.98 32 3.02

30-34.9 387 3.58 78 5.6 83 0.66 12 1.13

35-39.9 1,216 11.24 193 13.85 77 0.62 15 1.42

40-44.9 19 0.18 9 0.65 83 0.66 17 1.6

45-49.9 16 0.15 8 0.57 0 0 0 0

Total 10,819 100 1,395 100 12,506 100 1,060 100

The algorithm was implemented using the 
software Visual Basic ® for Applications (VBA), available 
in Microsoft® Excel® 2013. Following the structure 
presented by Cormen et al. (1990), where:  is the weight 
of shortest path i → j with all intermediate vertices in {1, 
2,… , n}. When k = 0, the path from the vertex i to the 
vertex j without intermediate vertices with numeration 
bigger than 0 is absolutely no intermediate vertex.

Considering that for any path all the intermediate 
vertices are in the set {1, 2,… , n}, the array D(n)=(dij

(n)) 
provides the expected answer dij

(n)= (i, j) for all i, j  V.
The resultant array of paths was used to formulate 

IRPM models of forest management.

Mathematical formulation

The mathematical model was formulated aiming 
to minimize the costs involved in the harvest and forest 
road maintenance subject to the production targets. 
A Integer Linear Program (ILP) model was proposed 
basing on the formulation of the Model Type I presented 
by Johnson e Scheurman (1977), for the annual harvest 
scheduling. Where  A : total number of road sections; 
U : total number of stands; T : total number of annual 
planning periods; G : total number of graphs; P : total 
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Subjected to:

[3]

[4]

[5]

[6]

number of products; Yijk: binary decision variable of 
harvesting of the stand i, in period j, contained on the 
graph k; Cijk : harvest cost of the stand i, in period j, 
contained on the graph k; Ztjk : binary decision variable 
of the road section t, in period j, contained on the graph 
k; Rijk : maintenance cost of the road section i, in period 
j, contained on the graph k; Itjk : set of road sections that 
make up the path t, in period j, contained on the graph 
K; Vpij: amount of timber product p, in stand  i, on the 
period j; Lpi : lower limit of timber production according 
to the annual demand of each product; Lps : upper limit 
of timber production according to the annual demand of 
each product.

The Objective Function was:
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The set expression (2) requires each stand to be 
harvested only one time over the planning horizon.  The 
constraints defi ned by (3) and (4) were formulated to 
ensure that production is within annual desired limits.

Aiming to compose the forest road network to be 
built by period, the constraints in (5) were formulated by 
the generation of array of paths from the Floyd-Warshall 
algorithm. Figure 1 presents the illustration of sample 
road network map and some paths.

The constraints in (6) impose that the decision 
variables assume only binary values.

Scenario optimization

The annual production goal defi ned by the 
company was 684 thousand and 964 thousand tons 
of timber for Eucalyptus spp. and Pinus spp. species, 
respectively. The growth predictions were determined 
following the production curves supplied by the company 
in function of the site, specie and age. 

According to preliminary tests, each optimization 
scenario was simulated obeying 2% deviation margin 
of the timber production goals. The planning horizon 
corresponded to fi ve years.

The specifi cation of each scenario was fi rst based 
on the variations of minimal harvest ages. In the Scenario 
I, we named the variation of the minimal harvest age as 
precocious age, in which the lower limits were equal 
to 4 and 6 years old for Eucalyptus spp. and Pinus spp., 
respectively. Regarding to Scenario II, we named its 
variation as semiprecocious age, whose lower limits 
were 5 and 10 years old, respectively. Finally, Scenario 
III represented the normal variation with lower limits 
equal to 6 and 12 years old, respectively. We called 

simulated scenarios the scenarios that contained all the 
model constraints.

Secondly, to enable new comparisons, three 
other scenarios without constraints (5) were formulated, 
corresponding to Scenario I* presenting precocious 
harvest ages, Scenario II* presenting semiprecocious 
harvest ages and Scenario III* considering normal 
harvest ages. We called the new scenarios group as 
witness scenarios.

After the formulations, GUROBI OPTIMIZER 
6.0.4. was used to solve them and the processing limit 
time defi ned was 2 hours (7,200 seconds). 

RESULTS AND DISCUTIONS

The optimization problems of forest planning 
developed in this study are considered complex due to 
the large number of constraints and decision variables 
involved in the formulation of ILP models, becoming 
in many cases impossible to obtain the optimal integer 
solution within the processing limit time defi ned. 
However, it was possible to obtain results very close to 
the best bounds. Table 2 presents the size of the MILP 
models, the objective function value and the distance 
in percentage of the best bound for the six scenarios. 
The best bound represents a value in which there is 
mathematical guarantee that the objective function value 
is not lower than it. Residual Gap is the relative difference 
between best known integer solution and best bound.

When compared to the witness scenarios, the 
simulated scenarios present highest number of variables 
and constraints, due to the presence of constraints (5).

The variations of the minimal harvest ages change 
the number of variables and constraints in inverse 

FIGURE 1 Illustration of sample road network map and some paths.
FIGURA 1 Ilustração parcial do mapa de rede de estradas e alguns caminhos.
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proportions, because the number of available stands with 
ages greater than  to the established minimal ages decrease 
with increasing of minimal harvest ages that consequently 
refl ect on decreasing of the variables and constraints 
number. Specifi cally, Scenarios I and I* encompasses the 
largest number of harvest opportunities due to its lower 
harvest ages (precocious), besides presenting the highest 
number of variables and constraints, when compared to 
the other scenarios group.

That number of variables and constraints in the 
simulated scenarios are considered high in relation to 
literature. As example, Andalaft et al. (2002) integrated 
the roads in forest harvesting considering 2-5 years 
planning horizon and annual periods, in which they 
formulated MILP models with more than 12,000 variables 
and 7,500 constraints, which resulted in solutions very 
close to the best integer solution.

Since the production varied ± 2% in the 
scenarios, the harvest area is inversely proportional to 
the productivity of the harvest scheduled stands. Figure 
2 presents the cumulative harvest area by period and 
species for each scenario.

With the same minimal harvest ages, the witness 
scenarios, on average, presented harvest area 1.85% 
lower than the one obtained in the simulated scenarios, 
refl ecting the non-utilization of constraints (5).

Among the simulated scenarios, Scenario III 
presented the lower total area for harvesting with 12,900 
ha, a value 4.9% lower than Scenario II and 5.3% lower 
than the Scenario I, which corresponds to a discrepancy 
equal to 632 ha and 686 ha, respectively.

Eucalyptus spp. and Pinus spp. productivities 
were affected by the decrease of the minimal harvest 
age. However, by looking the harvest areas and objective 
function values of the scenarios, the production increase 
opposes the cost reduction. So by allowing harvest of 
young stands, with the consequent production decreases, 
the cost also decreases.

The road network distance resulted from the 
scenarios defi ne the harvest dispersion in the evaluated 
periods. Figure 3 presents the sum of the road network 
distances built by period for each scenario.

As we expected, due to unintegrated models to 
the road network, the witness scenarios presented the 
road network with the longest distances, presenting a 
total average equal to 267.3 km, i.e. 60.2% higher than 
the simulated scenarios (106.1) km.

Among the simulated scenarios, Scenario I, which 
considers lower minimal harvest ages, presented the road 
network with lower distance, equals to 98 km, i.e value 
1.2% lower than the Scenario II and 20% lower than the 
Scenario III, what corresponds to a discrepancy of 1.3 
km and 20 km, respectively. Therefore, the larger road 
network distances in the Scenario III was consequence of 
the increasing of the minimal harvest ages that decreases 
the number of available harvest stands, resulting in 
increased road network density.

TABLE 2 Summary of the models, objective function values 
and distances of the best bound. 

TABELA 2 Resumo dos modelos, valores da função 
objetivo e distância da solução ótima.

Scenario
No. of 

variables
No. of 

restrictions 
Objective function 

value (R$)
Residual Gap 

%

I 11,628 48,659 15,183,428 0.03

II 9,444 38,622 15,269,524 0.05

III 7,567 30,288 15,267,090 0.04

I* 2,352 11,089  16,129,491 0.01

II* 2,146 8,792 16,231,791 0.02

III* 1,802 7,041 16,173,981 0.01

FIGURE 2 Harvest area of Pinus spp. and Eucalyptus spp. by 
planning period and scenario

FIGURA 2 Área de colheita de Pinus spp. e Eucalyptus spp. 
por cenário.

FIGURE 3  Accumulated sum of the distances road sections 
demanded by the planning horizon period, for 
each scenario.

FIGURA 3 Soma acumulada da distância dos trechos de 
estradas demandados por período do horizonte de 
planejamento e cenário.
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When the road network distance is decreased 
by planning period, the transportation costs and 
environmental impact tend to reduce. These are 
important aspects as highlighted by Malinovsky (2010), 
where an average value of R$8,231.00/km was obtained 
for restoring roads with gravel. Besides, Shan et al. (2009) 
consider the building and restoration of forest roads an 
important issue due to its high potential environmental 
impact on the several involved ecosystems.

Table 3 present the total cost corresponding to 
the sum of costs of harvesting and road restoration, 
as well as the unit cost of timber production (R$/ton), 
which was calculated relating total cost of the projects 
(R$) and total production (ton).

On the simulated scenarios, the road maintenance 
cost decreases an average of R$1,174,382, i.e 60.4% of the 
witness scenarios. In the other hand, we observed increase 
of the harvest cost in the simulated scenarios, an average 
of R$959,144, i.e. 6.7% in relation to witness scenarios. 
This average difference was not enough to increase the 
production unit cost significantly on simulated scenarios.

Of the simulated scenarios, Scenario I presented 
the lowest unit cost with a value of R$9.69/ton, while 
for Scenario II and Scenario III the values were equal to 
R$9.74/ton and R$9.75/ton, respectively. For Scenario 
I, the decreasing of the minimal harvest ages increased 
the number of available stands for harvesting and 
consequently the possibilities of harvesting. Therefore, 
the optimal schedule planning becomes less restricted, 
resulting in lower unit production cost.

The road investment changes according to 
managed forest. The generation of harvest schedule 
guidelines requires integrated simulations like the ones 
presented in this paper and also other techniques, 
according to Karlsson et. al (2006).

The heuristics techniques were used to design 
of road network for timber harvesting operations. 
Weintraub (2000) described two heuristic models: 
OPTIMED to decide road building options, and PLANEX, 
to locate access forest roads. Akay (2004) used Simulating 

Annealing to guide the search for minimizing the costs of 
construction, transportation, and maintenance of a forest 
road network. The results indicated that total road cost 
was reduced about 25%, but the main advantage is the 
short processing times of the technique.

CONCLUSIONS

The proposed method to generate flow routes 
of production applying the Floyd-Warshall algorithm 
is effective to formulate the IRPM models of forest 
management by means of ILP.

The formulated ILP models are efficient to minimize 
the production unit cost, considering harvest and forest 
road maintenance costs. On simulated scenarios, the unit 
production cost decreases an average of R$0.6, i.e 5.8% 
lower than the witness scenarios.

In the generated scenarios, the decreasing of 
the minimal harvest age reduces the production unit 
cost. In the evaluated scenarios such reduction is up to 
R$0.16/ton (1.5% less then).

The obtained integer solutions using ILP models 
are very close to the best possible solution, therefore, 
approximation methods are not required. This suggests 
that the methodology can be applied to forest harvesting 
integrated to the road network.
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