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Abstract 3 

This paper presents a mixed integer programming model which aims at supporting wood 4 

procurement tactical decisions of a multi-facility company. This model allows for wood 5 

exchange between companies. Furthermore, the material flow through the supply chain is driven 6 

by both a demand to satisfy (Pull strategy) and a market mechanism (Push strategy), enabling the 7 

planner to take into consideration both wood freshness and the notion of quality linked to the age 8 

of harvested wood into demand. The incapacity to consider alternative plans for implementation, 9 

and the difficulty to assess the performance of these plans in an uncertain environment are two 10 

shortcomings of the manual planning process. Thus, a planning process, based on human – 11 

decision support system interactions, allowing overcoming these shortcomings is presented. The 12 

process combines Monte Carlo methods and an anticipation mechanism permitting to take into 13 

account equipment transportation costs. The proposed planning process results into a multi-14 

criteria decision making problem where the human planner has to select a plan to implement 15 

from a set of candidate plans. A test case shows that it is possible to manage the wood flow from 16 

the stump to end market in a way to preserve its freshness and to extract higher value from the 17 

logs processed in the mills. Results also show that the proposed planning process achieves an 18 

average profitability increase of 8.8%, as compared to an approach based on a deterministic 19 

model using average parameter values. 20 
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Introduction 21 

Wood procurement planning is a complex task as a multitude of factors must be taken into 22 

consideration. It is even more complex in a multi-firm environment, where firms may supply 23 

each other, and where forest stands are composed of several tree species. Yet, planning is still 24 

largely done based on intuition and without mathematical programming support. The main 25 

problem associated with this process is the time spent collecting and verifying data, which leaves 26 

little time for the actual planning and interactions with industrial and recreational users. 27 

Furthermore, the considerable amount of time required to build a single plan prohibits the 28 

evaluation of alternative plans. 29 

The contributions of this paper are (1) a detailed tactical model to support the centralized 30 

annual planning of an integrated forest company which may include many mills and allows for 31 

wood exchange between companies; (2) an extension of the market mechanism presented in 32 

Maness (1989) in order to model market needs taking wood freshness into consideration; (3) a 33 

planning process for the generation and evaluation of candidate plans. 34 

The remainder of this paper is organized as follows. A literature review is presented in the 35 

next section, followed by the problem description. The planning process is then introduced with 36 

its different components. Then, the mathematical formulation of the tactical wood procurement 37 

model is described. Follow a test case description, the results and concluding remarks. 38 

Literature review 39 

Models 40 

The use of mathematical models to deal with wood procurement problems can be traced back 41 

to the early 1960s. Since then, a large body of models has been developed to address different 42 

aspects of wood procurement. Some have been designed for specific activities such as skidding 43 
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(Carlsson et al. 1998) or transport decisions (Wightman and Jordan 1990, Weintraub et al. 1996). 44 

Others have integrated several activities within a single model in order to capture possible 45 

synergies between individual activities. For instance, Burger and Jamnick (1995) have integrated 46 

harvest, storage and transport decisions, while Karlsson et al. (2004) include allocation of 47 

harvest teams in addition to these questions. To our knowledge, no attempt has been made to 48 

address these decisions taking into account mills’ production decision anticipation, even though 49 

significant gains could be achieved due to higher fiber freshness (elapsed time between 50 

harvesting and processing at the mill). 51 

Deteriorating items 52 

In the last decade, the industry has come to realize the importance of being procured with 53 

fresh fibers. Common problems associated with log storage are checks development due to 54 

drying and sapstain. Even if sapstain does not change the structural wood integrity, it can 55 

severely damage the appearance of wood, resulting in serious loss of value (Kreber et al. 2001). 56 

Laganière and Defo (2002) have looked at the impact of timber freshness for sawmill operators. 57 

They have identified problems associated with the log yard, debarking, sawing, drying, planing 58 

and grading. They concluded that for all activities, an older fiber is detrimental to a sawmill’s 59 

performance. Similarly, Bico (2002) and Wood (2002) discussed the impact of storage duration 60 

on pulp yield, pulp brightness and processing costs of pulp mills.  61 

Production planning and scheduling of deteriorating items has long been the subject of 62 

articles, but such considerations have appeared only recently in models dealing with the harvest 63 

and distribution planning problem. Karlsson et al. (2002) were among the first to introduce age 64 

related storing costs. In their model, fiber deterioration is taken into account by associating a 65 

value reduction to an assortment with regard to the age of the harvested timber. Two 66 
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improvements can be made to this approach. First, the value reduction does not take into 67 

consideration the seasonal variation in the rate of deterioration of the fibers. It is not only the 68 

time elapsed between the moment a tree is harvested and the moment it is transformed into 69 

diverse products that should be considered, but also the periods or seasons over which the 70 

elapsed time occurs. Second, their model considers the rate of deterioration to be the same 71 

regardless of the storage location and the end products to be manufactured. Storage locations are 72 

sometimes far apart, and even if the seasonal rate of deterioration is the same, the beginning of a 73 

season may differ over the land base. Furthermore, mills may use different technologies and may 74 

not be affected in the same way by the freshness of the resource. The formulation proposed in 75 

this paper accounts for these considerations. 76 

Uncertainty 77 

Forest managers and researchers are increasingly concerned with uncertainty and would like 78 

to account for it when making decisions. Weintraub and Bare (1996) and Martell et al. (1998) 79 

identify wood procurement planning under uncertainty as a new challenge for researchers. To 80 

date, the majority of models tackling the wood procurement problem have focused on 81 

deterministic formulations of the problem. A fundamental property of deterministic models is 82 

that all required data are supposed to be known with certainty. This is an important assumption 83 

that limits the validity of any linear programming solution to a supply chain problem (Shapiro 84 

2001). The main criticism of these applications is not necessarily the use of deterministic 85 

decision models in nondeterministic environments but rather the lack of focus on the analysis 86 

and validation of the so called optimal solution. Contingency analysis is a necessary step before 87 

any decision should be made. 88 
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Relatively few researches considering stochastic conditions in wood procurement problems 89 

have been undertaken. For a review of stochastic parameters and approaches adopted to take 90 

uncertainty into consideration, we refer the reader to Weintraub and Bare (1996) and Martell et 91 

al. (1998). The most commonly used methodologies are sensitivity analysis and scenario-based 92 

analysis. Sensitivity analysis consists in varying the value of a parameter to find the extent to 93 

which the change affects the results of the outcome, while scenario-based analysis is a process of 94 

analyzing possible future events by considering alternative possible outcomes. Major drawbacks 95 

of these two methods are their incapacity to evaluate the impact of the interactions between the 96 

various stochastic parameters and the lack of knowledge concerning the probability of 97 

occurrence of each scenario. An adaptation of the two-stage stochastic decomposition method 98 

presented in Goetschalckx et al. (2001) permits to overcome these shortcomings.  99 

Problem description 100 

The problem we consider is one where most of the productive forested land is within the 101 

public domain. This land base is divided into procurement areas. Government allocates volumes 102 

of timber to mills through timber licenses (TL). A TL is awarded to each mill, regardless of their 103 

ownership. A TL specifies, on a yearly basis, the procurement areas from which the mill can be 104 

procured with predefined volumes of one or more resource types (tree species). A mill may hold 105 

TL on more than one procurement area, and several TL may be awarded to different mills on the 106 

same procurement area, even for the same tree species. Sharing a procurement area means that in 107 

a single block, harvested volumes are sorted according to their characteristics and their ability to 108 

be manufactured into certain product types (for example: softwood lumber, hardwood lumber, 109 

pulp and veneer) in order to be delivered to the appropriate mills. Furthermore, even if most 110 

companies manage their own operations, part of their needs for raw materials must be fulfilled 111 



 8 

through the purchasing of logs from other companies’ operations due to the mixed nature of 112 

stands. These relationships are characterized by pooled-type dependencies, also called resource 113 

sharing dependency (Frayret et al., 2004), and must be managed by coordinating procurement 114 

activities. In order to procure its mills, a company must coordinate its operations on several 115 

procurement areas and with those of other companies. 116 

The problem at hand is to maximize a firm’s profit while satisfying demands for end 117 

products and wood chips covered under agreements or contracts, and demand for logs from other 118 

companies. The model proposed hereafter takes into account volume restrictions for the origin of 119 

the wood over the land base and the deterioration of fibers which affects the net revenue obtained 120 

from the sales of end products. 121 

The developed model addresses the tactical wood procurement planning problem. We 122 

assume that a strategic planning has been previously executed. The output of this process 123 

corresponds to a 5 year development plan which identifies blocks to be harvested in each of the 124 

year covered by the plan. The annual plan brings more details surrounding the activities on 125 

blocks identified for harvesting in the first year of the 5 year development plan. Volumes for 126 

each resource on every block are assumed to be known. A resource is defined by type and  127 

quality as defined by the government to determine stumpage fees. It is to be noted that for a same 128 

resource, stumpage fee is fixed over a tariff zone but variable from one zone to another. A 129 

procurement area may cover more than one tariff zone. 130 

Market anticipation functions 131 

The objective of minimizing procurement cost while satisfying mills’ demand is adequate 132 

from a supplier point of view. However, in an integrated wood production system it seems to be 133 

short sighted. As outlined by Gingras and Sotomayor (1992), increased procurement costs could 134 
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be acceptable and justifiable to preserve fiber quality as long as the incurred cost is offset by a 135 

reduction in processing costs at the mill or in a gain of revenue from the sales of products and 136 

by-products. Therefore, our model attempts to integrate harvesting decisions along with the 137 

anticipation of log distribution and mills’ aggregated production planning. Because only part of a 138 

mill’s production capacity is covered by long term contracts with customers, the use of the 139 

excess capacity must be planned in order to provide end products to the open market. The market 140 

mechanism presented by Maness (1989) has been adapted to take into consideration fiber 141 

freshness and is illustrated in Figure 1. 142 

INSERT FIGURE 1 143 

Market anticipation functions are used to estimate what aggregated levels of production at 144 

the mills are the most profitable in order to guide the upstream operations. Such function uses 145 

valuation levels. A valuation level represents the average unit revenue from the sale of a 146 

particular end product made from a given resource, net of their average processing cost. It is 147 

constrained by a maximum number of units that can be sold at that valuation level. Decreasing 148 

value from a level to another within an age class represents the increased uncertainty associated 149 

with the unit revenue from the sale of end products. Age classes are bounded by a lower and an 150 

upper value and do not have to be of homogeneous length. Levels of valuations are defined for 151 

each age class. Variation over age classes reflects the quality of end products. The older the fiber 152 

used, the lower the expected profit margin on that end product. Deterioration of wood fiber is 153 

thus taken into account through a value reduction. 154 

Yang et al. (1999 and 2001) indicate that the severity of deterioration may vary with season, 155 

tree species, local environment, and storage conditions. Thus a market anticipation function is 156 

required for each resource in every season in order to take into consideration the seasonality of 157 
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the deterioration rate and of end product market price. Moreover, every mill may have its own 158 

market anticipation functions due to different end products being manufactured or different 159 

technology being used. 160 

Planning process 161 

Among the shortcomings of a manual planning process, there is first the incapacity to 162 

consider alternative plans for implementation and also the difficulty to assess the performance of 163 

the plans in a stochastic environment. The proposed planning process (Figure 2) is an adaptation 164 

and an extension of the two-stage stochastic decomposition method developed and presented in 165 

Goetschalckx et al. (2001) and permits to overcome both of these shortcomings. 166 

INSERT FIGURE 2 167 

The mathematical deterministic model presented hereafter does not address robustness explicitly. 168 

Rather, the proposed planning process makes use of a set of mechanisms to assess  a posteriori 169 

how several alternative plans meet some key objectives. The proposed planning process starts by 170 

creating scenarios by randomly generating values for the uncertain parameters for each period 171 

considered in the model based on their given probability distributions. For each scenario the 172 

optimal plan (referred to as the candidate plan) is determined by solving a deterministic mixed 173 

integer program. Each candidate plan is then submitted to further analysis: 1) Each candidate 174 

plan is submitted to the harvest block sequencing and equipment transportation model in order to 175 

evaluate the operational equipment transportation cost of the plan; and 2) Each candidate plan is 176 

simulated using different scenarios. In each of these analyses, statistics are gathered in order to 177 

help the planner resolve the resulting multi-criteria decision problem. 178 

Scenario generator 179 
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Uncertainty is inherently present in a wood procurement network. Scenarios are generated 180 

using a Monte Carlo method. It is useful for evaluating interdependencies among random effects 181 

that may cause serious degradation in performance even though the average performance 182 

characteristics of the system’s components appear to be acceptable (Shapiro 2001). The Monte 183 

Carlo method uses probability distribution functions of key factors of uncertainty in the supply 184 

chain in order to randomly generate numbers. 185 

Deterministic wood procurement planning model 186 

For each scenario, a deterministic mixed integer program is used to find the optimal plan. For 187 

each scenario corresponds an optimal plan (i.e., the candidate plan). In this model (see next 188 

section), due to block sizes, which range from a few hectares to over 100 ha, and the desire to 189 

reduce inventories, preemption is allowed in regard to harvesting (i.e. a block does not have to be 190 

harvested all at once). 191 

Harvest block sequencing and equipment transportation model 192 

Due to the highly combinatorial nature of the block sequencing problem, equipment 193 

transportation cost is not included in the tactical model. Instead, this cost is taken into account by 194 

anticipating for each candidate plan the output of an operational model of the sequencing 195 

problem. The purpose of this model is to minimize a firm’s equipment transportation cost while 196 

harvesting targeted volumes identified per period in the candidate plans. The model aims at 197 

identifying an operational plan while taking into account equipment capacity which restrict the 198 

time spent to harvest and to move from one block to another. It is designed to address 199 

particularly the harvest block sequencing and equipment transportation problem. For more 200 

details about this aspect of the planning process, the reader is referred to Beaudoin et al. (2005). 201 

Rule-based simulation 202 
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The rule-based simulation aims at assessing how a given plan unfolds if different scenarios 203 

occur. Instead of randomly generating new scenarios to evaluate each candidate plan, we used 204 

those previously generated, as suggested by Novak & Ragsdale (2003). In their work, these 205 

authors reformulate the problem before re-evaluating candidate solutions under alternate 206 

scenarios. This reformulation is necessary so as to avoid violating the flow conservation 207 

constraints. To avoid this reformulation, we use a rule-based simulation approach. 208 

More specifically, rules are defined in terms of IF-THEN. These rules adjust the values of 209 

output variables in order to respect the capacities and other parameters of the scenarios. For 210 

example, let us say the plan under consideration identify a target of 500 m3 to be harvested on a 211 

specific block, but under the current scenario that block only holds 450 m3. The harvest variable 212 

for that block is then adjusted downward in order to respect the capacity of the block. In the case 213 

where there is no breach in capacity, no adjustment is required. The same rule also applies for 214 

transportation, storing and milling variables of the candidate plan. Since activities along supply 215 

chains are highly dependent, flow balancing adjustments are also required to reflect previous 216 

adjustments.  217 

Decision making 218 

Finally, different metrics are calculated and gathered in order to assess each plan and to 219 

support decision making. These metrics include the average and standard deviation of profit, the 220 

equipment transportation cost, the volumes to be acquired from private woodlot owners, and the 221 

feasibility of a plan. Volumes to be acquired from private woodlot owners correspond to missing 222 

volumes of resources needed to satisfy demand for end products and wood chips. Meanwhile, if 223 

demand for logs from other companies cannot be fulfilled by the company’s operations 224 

according to the terms agreed upon, then the plan is deemed infeasible. This indicator captures 225 
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the risk associated to a plan due to the propagation of the stochastic effects throughout the 226 

network of interdependent companies. It is to be noted that the metrics used for decision making 227 

are not restricted to the ones presented here. Any metrics representing the preferences of the 228 

decision maker could be accommodated for through the proposed planning process and its 229 

constituents. 230 

The proposed planning process thus provides insights into the system’s performance, 231 

something that cannot be obtained by deterministic optimization models used on their own. The 232 

planner then faces a multi-criteria decision problem to select a candidate plan for 233 

implementation. Here, the process is applied to plans generated with a deterministic optimization 234 

model. It is to be noted that it can also be applied to plans generated intuitively by the planner or 235 

strictly based, for example, on its experience. 236 

Mathematical formulation 237 

In this section the mathematical model of a firm’s centralized tactical wood procurement 238 

planning is presented. Data sets are first introduced, followed by the parameters and variables 239 

used to formulate the model. Finally the model formulation is described. 240 

Sets 241 

A:  Set of possible ages of the harvested timber. 242 

C: Set of age classes. 243 

E:  Set of other firms. 244 

I : Set of harvesting blocks within the procurement areas covered under the timber license of 245 

the mills under the company’s ownership. 246 

K :  Set of procurement areas. 247 

N :  Set of valuation levels. 248 
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R :  Set of forest resources. 249 

S :  Set of forest resource types. 250 

T :  Number of periods. 251 

U :  Set of mills under the company’s ownership. 252 

U’ : Set of mills under other ownership. 253 

K(u) : Set of procurement areas covered under the timber license of mill u. 254 

I(k) : Set of blocks within procurement area k. 255 

I(Ku) : The set of blocks within the procurement areas covered under the timber license of mill u, 256 

 for 'or  UuUu ∈∈ . 257 

R(s) : Set of resources with the same tree species. 258 

R(u) : Set of resources desirable for mill u, for 'or  UuUu ∈∈ . 259 

A resource is said to be desirable or usable by a mill when it is entitled to that resource type 260 

according to its timber license and it is of an acceptable quality in regard to the end product it 261 

will be transformed into. 262 

In the remainder of this paper, index a will be used for ages of harvested timber, c for age 263 

classes, e for firms, i for blocks, k for procurement areas, n for valuation levels, r for resources, s 264 

for resource type, t for periods, u for own mills, and u’ for other’s mills. 265 

Parameters 266 

+−
cc aa  and : Lower and upper age of age class c respectively. 267 

+
ca : Upper age of age class c. 268 

H
tb : Total harvesting capacity in period t. 269 

T
tb : Total transportation capacity in period t. 270 

S
utb : Total storing capacity at mill u during period t. 271 
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P
utb : Total processing capacity of mill u during period t. 272 

min
rutb : Minimum volume of resource r stored at mill u during period t. 273 

H
itc : Unit cost to harvest block i during period t. 274 

S
ritc : Unit cost to store resource r on block i during period t. 275 

S
rutc : Unit cost to store resource r at mill u during period t. 276 

T
riutc : Unit cost to transport resource r from block i to mill u during period t. 277 

T
triuc ' : Unit cost to transport resource r from block i to mill u’ during period t. 278 

chips

utsau
d max : Demand for chips of resource type s of a maximum age max

ua  at mill u during period t. 279 

endproduct

utrau
d max : Demand for end products made from resource r of a maximum age of max

ua  at mill u 280 

during period t. 281 

log

'max
' turau

d : Demand for logs of resource r of a maximum age max
ua  at mill u’ during period t. 282 

ritf : Stumpage fee for resource r on block i during period t. 283 

chips
sutg : Unit revenue from the sale of chips of resource type s at mill u during period t. 284 

market
rucntg : Average unit revenue, from the sale of excess production net of processing cost, for end 285 

products made from resource r within age class c at mill u and sold at valuation level n on 286 

the open market during period t 287 

F
raiI 0 : Volume of resource r of age a stored on block i at the beginning of the planning horizon. 288 

U
rauI 0 : Volume of resource r of age a stored at mill u at the beginning of the planning horizon. 289 

il : Maximum number of periods over which harvesting can occur in block i. 290 

tn : Maximum number of blocks in which harvesting can occur during period t. 291 
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riv  : Volume of resource r available on block i. 292 

sukv : Maximum volume of resource type s that can be delivered to mill u from procurement 293 

area k. 294 

max
rucntv : Maximum volume of resource r within age class c that can be transformed and sold by 295 

mill u at valuation level n during period t. 296 

raekutw : Volume of resource r of age a delivered from procurement area k to mill u by firm e 297 

during period t. 298 

rauα : End products’ average yield from processing resource r of age a through mill u. 299 

rauγ : Chips average yield from processing resource r of age a through mill u. 300 

Decision variables 301 

Decisional variables and their relations with one another are summarized in Figure 3. It 302 

illustrates the centralized planning problem as seen from a firm’s perspective. 303 

INSERT FIGURE 3 304 

Decision variables are divided into two distinct categories: primary decision variables and 305 

anticipated or secondary decision variables. Primary decision variables are those for which the 306 

planner is responsible of instantiating. Anticipated decision variables are needed in order to 307 

coordinate tactical decisions with operational decisions that will eventually be taken to 308 

operationalize the tactical plan. In other words, these secondary decision variables only represent 309 

an aggregated anticipation of operational decisions for which the considered planner is not 310 

directly responsible of. 311 

Primary decision variables 312 

itX  : Proportion of block i harvested during period t. 313 
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F
raitI  : Volume of resource r of age a stored on block i at the end of period t. 314 

U
rautI  : Volume of resource r of age a stored at mill u at the end of period t. 315 

itH  : 




otherwise ,0

 period  timeduring block on  occurs harvesting if ,1 ti
 316 

Anticipated decision variables 317 

traiuS ' : Volume of resource r of age a transported from block i to mill u’ during period t. 318 

raiutY : Volume of resource r of age a transported from block i to mill u during period t. 319 

rauntD : Volume of end product made from resource r of age a that is sold by mill u at valuation 320 

level n on the open market during period t. 321 

rautM : Volume of resource r of age a processed through mill u during period t. 322 

All variables defined so far, but one, are continuous variables. They can be interpreted as 323 

network flow variables in a multi-commodity network describing the possible flows from 324 

harvesting blocks to the mills and through a milling process to supply different potential markets.  325 

Model 326 
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Objective function 351 

The objective function is a linear profit maximization equation. Revenues are derived from 352 

the sale of lumber and wood chips on the open market. Lumber and chips are always sold in the 353 

period they are produced. Note that revenues associated with the sale of logs and end products 354 

covered under agreements as well as costs incurred to buy logs from other suppliers have been 355 

omitted from the objective function since they are irrelevant to the decision problem at hand. 356 

These are covered under binding contracts and are thus parameters to the problem. The first term 357 
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in equation [1] represents the total revenues from the sale of excess production of end products 358 

on the open market, net of the mill’s processing costs. The second term corresponds to revenue 359 

from the sale of wood chips. It is assumed that all chip production is sold to a single client; 360 

therefore the same rate is applied to every unit of chips produced. 361 

Even if revenues from the sale of logs are irrelevant to decision making, the costs incurred to 362 

satisfy these demands are important to take into account, as contracts specify the unit price 363 

agreed upon to deliver the volumes of desired logs. By satisfying demands from low cost 364 

operations, a firm may increase its profit. The third and fourth terms accounts for harvesting 365 

costs and stumpage fees. Harvesting costs include all activities occurring from the stump to 366 

roadside. The fifth and sixth terms correspond to transportation costs from the forest to the mills 367 

(i.e. owned and others’ mills respectively). Storage costs are accounted for in the last two terms 368 

of equation [1]. 369 

This model sets production targets per period. The length of a period is such that more than 370 

one block can be visited within the same period. The scheduling of blocks, or the sequence in 371 

which blocks are harvested within a period is dealt with at the operational level as it requires 372 

considering each contractor’s capacity and each scheduling alternative. 373 

Constraints 374 

Equation [2] ensures that harvested volumes on a block do not exceed availability. Equations 375 

[3] through [5] are used in order to avoid excessive equipment transportation needs. Equation [3] 376 

assigns a value to the binary variables, while [4] and [5] limit respectively the number of periods 377 

over which harvesting can occur on block i and the number of blocks on which harvesting can 378 

occur during period t. Each mill is limited in the volume of a given resource type that it can 379 

receive can be delivered to it from a specific procurement area, as outlined in its TL. The first 380 
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term of equation [6] refers to volumes delivered from the firm’s own operations while the second 381 

term corresponds to volumes bought from other suppliers working in the procurement areas 382 

covered by the firm’s TL. The latter are known because they are specified in pre-established 383 

contracts between two firms. They are important to take into account since they will have an 384 

impact on volumes that can be delivered to its own mills from the firm’s operations. 385 

Next, production constraints limit the total production capacity. Equations [7], [8] and [9] 386 

represent respectively the total harvesting, transportation and individual mill’s processing 387 

capacity. Aggregated harvesting and transportation capacities are considered rather than 388 

individual contractor’s capacity since no contractor scheduling is attempted. 389 

Equations [10.1] through [11.3] represent classical flow conservation constraints. Our 390 

formulation of the problem uses a discrete notion of time where the age a of harvested wood and 391 

periods t are both expressed in the same unit (i.e. weeks). As soon as standing timber is 392 

harvested, it is assigned an age of 1. The age of the harvested timber evolves with the passing of 393 

periods. In equations [10.1] and [11.1], there is no inventory held from period t-1 because the 394 

constraints are concerned with the stocking of harvested wood of age a = 1, which means that 395 

the wood is stored during the same period it is harvested. Equations [10.3] and [11.3] allow for 396 

transition between subsequent planning horizons. Our formulation of the problem takes into 397 

account storage into two location types: roadside and mill yard. Storage at roadside is virtually 398 

unlimited and requires no capacity constraint although it could easily be added if required. 399 

Storage capacity at the mill is limited by equation [12]. Finally, to allow for the planning of 400 

resources safety stocks, equation [13] sets a minimum level of inventory to maintain at a given 401 

mill at the end of any given period. 402 
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A firm must satisfy demands for various commodities: logs, end products and chips. 403 

Demands originate from contracts and are considered to be binding. No penalties are incurred for 404 

delayed deliveries or missed freshness. However it may be added as presented in Wee and Wang 405 

(1999), which model a production-inventory system for deteriorating items with time-varying 406 

demands and completely backlogged shortages. Satisfaction of demand for logs, end products 407 

and chips are expressed respectively by equations [15], [16] and [17]. Also, because these 408 

commodities are used by mills for which the quality level of the input has a direct impact on the 409 

performance of their processes and the quality of their end-products, mills have specific requests 410 

on the freshness of their input. Our model does not distinguish between end clients since delivery 411 

costs are voluntarily omitted. Also, storage and related deterioration of end-products is not 412 

considered, although this would be possible as presented in Maness (2002).  Market conditions 413 

for end-products are modeled using market anticipation functions. These functions use valuation 414 

levels which are bounded by a maximum volume of end product that can be sold as represented 415 

in equation [14]. 416 

Test case description 417 

For the computational experiment, a hypothetical but realistic test case has been developed 418 

based on a firm’s data from the Mauricie region in Quebec, Canada. It represents a typical 419 

situation of several forest companies. The company operates two softwood lumber mills within 420 

the same region. Mills are provided with raw material from the company’s forest operations and 421 

from outside suppliers (other companies’ operations). The list of blocks included in the case 422 

study corresponds to the blocks planned to be harvested in the first year of the five year 423 

development plan. Table 1 gives an example of data used in the case study. 424 

INSERT TABLE 1 425 
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The block number, its related procurement area, and the quantities of each assortment are given. 426 

In the test case, 50 harvesting blocks are eligible for harvesting during the year. Each block holds 427 

a specific volume and composition of resources. 14 different resources are considered, each 428 

belonging to one of 4 tree species present. Planning is done for the whole year which is divided 429 

into 28 periods of variable duration. Also, 11 different ages are considered to represent the fiber 430 

freshness, which have been grouped within 3 age classes. Furthermore, 4 valuation levels are 431 

considered for each age class in a market anticipation function.  432 

The test case problem is defined by nearly 300 000 continuous and 1400 binary variables and 433 

more than 100 000 constraints. Through Monte Carlo sampling and using probability distribution 434 

(see table 3), 11 scenarios have been created, one of which, referred to as the “average scenario”, 435 

uses the average values of the distribution. 436 

Only standard deviations expressed in percentage of the average value are presented in Table 437 

2 to preserve confidentiality on operations and costs. Standard deviations for stumpage fees and 438 

valuation levels have been assigned increasing values over time to reflect the fact that 439 

uncertainty increases as the occurrence of an event becomes more distant in time. 440 

INSERT TABLE 2 441 

Results and discussion 442 

Deterministic wood procurement planning model 443 

The deterministic problems were solved with CPLEX 9.1 on a 2.00 GHz Pentium 4 personal 444 

computer with 1.00GB of RAM memory. It took less than five minutes to solve each of them 445 

within a relative gap of 5%. Computing time makes it conceivable to use the proposed model on 446 

a regular basis to generate many candidate plans and with a rolling horizon in order to 447 

periodically adjust the procurement plan when new developments must be considered.  448 
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Age tracking along with market anticipation is effective in managing the wood flow from the 449 

forest to the mill in order to maximize value. As is shown by Figure 4, the age of volumes 450 

planned to be processed through the mills is coherent with valuation function provided for the 451 

test case. More than 67% of the total volume is a week old or less, and close to 85% is equal or 452 

less than 2 weeks of age. The model has also been tested with bell-shaped valuation functions 453 

characterising processing costs at an OSB mill. Similar proportions were obtained with the bulk 454 

of production at and around the preferred freshness. 455 

INSERT FIGURE 4 456 

Simulation 457 

In order to assess the impact of uncertainty, each candidate plan has been evaluated under 458 

alternate scenarios using the rule-based simulation approach described previously. Through the 459 

simulations, metrics pertaining to average and standard deviation of profit, volumes to be 460 

acquired from private woodlot owners, and the feasibility of a plan have been gathered. 461 

Average profit and standard deviation have been plotted in Figure 5 for comparison. Analysis 462 

using both metrics helps draw a more comprehensive picture of the range of profits and, thus, the 463 

associated financial risk that can be expected from the implementation of a plan. 464 

INSERT FIGURE 5 465 

Two observations can be drawn from Figure 5. First, the average plan is not the most 466 

profitable plan; 4 out of 10 plans show higher profits. In average, plan 9 should generate $467 467 

000 or 8.8% more in profit than the average plan. Second, the ranges in profits that can be 468 

expected from the implementation of a plan vary greatly from one plan to another when 469 

evaluated from the same scenario sample. Plan 5 shows less variability around the mean than any 470 
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other plan while the variability of plans 7, 9 and 10 is over twice that of plan 5. The average plan 471 

shows a 71.6% higher variability than plan 5. 472 

For every plan, the average volume missing in order to satisfy end products and wood chips 473 

engagements is presented in Figure 6. It is important to notice that in general, the implementation 474 

of any plan requires the purchase of volumes from private woodlot owners even if the original 475 

problems were constrained to satisfy all demands. This is a direct result of the uncertainty 476 

associated with capacities and process yields. In most cases, an appropriate level of safety log 477 

yard inventory should absorb these fluctuations. Again, the average plan is not the best plan 478 

based solely on this metric, 4 plans out of the 10 require buying lesser volumes. 479 

INSERT FIGURE 6 480 

Plans feasibility is shown in Table 3. This metric identifies the proportion of scenarios under 481 

which it remains feasible. Feasibility varies greatly from one plan to another. Plan 7 shows little 482 

overall feasibility. Still, several plans remained fully feasible in all scenarios. On the contrary, 483 

the average scenario performed poorly showing feasibility in only 50% of the scenarios.  484 

INSERT TABLE 3 485 

Decision Making 486 

At the end of this planning exercise, a plan has to be selected for implementation. Figure 7 487 

presents the set of candidate plans being considered. In a multiobjective optimization problem, a 488 

multitude of solutions may be considered feasible. However, only a subset of these solutions is 489 

of interest. The subset of non dominated solutions forms the tradeoff surface (Pareto front) 490 

represented by a bold line in figure 7. In our test case, only candidate plans 3, 5, 8 and 9 are non 491 

dominated and deserve further analysis. The other metrics described previously can be used, for 492 

example, in order to rank non dominated plans according to the decision maker’s preferences. 493 
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However, considering recourse actions could attenuate the importance of the financial risk 494 

criterion used into identifying the Pareto front by providing opportunities not considered in our 495 

approach which could generate higher profitability. Multi criteria decision making being outside 496 

the scope of this paper, we refer the reader to Collette and Siarry (2004), for further details on the 497 

subject. Further testing using a larger number of scenarios would be required to determine if the 498 

average plan would always be among the dominated solutions.  499 

INSERT FIGURE 7 500 

Once a plan has been picked for implementation, other information can be advantageously 501 

used. For example, harvesting and transportation capacity requirements per period can be 502 

extracted and utilized to adjust available capacity levels by hiring or dismissing contractors when 503 

possible. Also, unused mills processing capacity is identified and can be used to determine the 504 

volume of logs to be purchased from private woodlot owners and to schedule delivery time.  505 

From the test case, none of the plans provide the entire volume of fiber to which the mills are 506 

entitled to under their TL. This cannot be attributed to harvest or transportation capacity since 507 

used capacity is lower than or equal to available capacity in every period. Also, according to 508 

market valuation for end products manufactured by the mills, it should be advantageous for the 509 

mills to process all the fiber they are allowed to. The problem arises from the fact that most 510 

stands to be harvested are mixed, which means that several tree species are present on the same 511 

block. A mill may have rights to only some of them,  while harvesting cost and stumpage fee for 512 

all the volumes harvested are incurred regardless of whether it is required or not. Unless the 513 

undesired or excess harvested volumes are to be delivered to other companies’ mills, it is 514 

uneconomical to harvest. These stands become economically viable only if the undesirable 515 

volumes can be passed along with their associated costs to another firm. This highlights the joint 516 
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dependency of companies sharing a same procurement area. This also serves to demonstrate the 517 

importance of collaboration between these firms in order to optimise their operations.  518 

Conclusions and future work 519 

Wood procurement planning is by nature a very complex process. This paper introduces a 520 

detailed model that supports the centralized wood procurement planning of a company which 521 

may include many mills and allows for wood exchanges between companies. We presented an 522 

extension of the market mechanism of Maness (1989) to take fiber freshness into consideration 523 

and included notion of quality linked to the age of the fiber into demands. We also presented a 524 

planning process permitting the generation and evaluation of alternative plans in an uncertain 525 

environment. 526 

Results show that it is possible to manage the fiber flow from the stump to end market 527 

considering its freshness in order to extract higher value from the logs processed in the mills. 528 

Close to 85% of the total volume planned to be processed at the mill sites is of an age of two 529 

weeks or less, meaning that even in the warmer months of the year, fiber deterioration is limited. 530 

Furthermore, the tested plans show little stability to uncertainty, as significant differences arise 531 

from one plan to another. However, computing time of less than five minutes makes it 532 

conceivable to use the proposed model with a rolling horizon in order to periodically adjust the 533 

procurement plan when new developments must be considered, and to even directly consider 534 

recourse in the simulation-based analysis of robustness. 535 

Nowadays, planning is still largely done using intuition with few or no mathematical 536 

programming support. Yet, examples of benefits can be found in the literature suggesting an 537 

increase (decrease) in profits (costs) averaging 5% when decisions are supported by deterministic 538 

mathematical programming (Burger 1991, Williamson and Nieuwenhuis 1993, Hecker et al. 539 
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2000, Bergdahl et al. 2003). The described planning process permitted to identify a plan 540 

generating an average of 8.8% more profits than the average plan found using the proposed 541 

deterministic model alone. This result makes us anticipate significant benefits from using the 542 

proposed model and planning process, as compared to the actual manual planning process. 543 

However, potential benefits are highly dependent on factors such as the spatial distribution of 544 

harvest blocks and mills, the stand composition, the number of beneficiaries on the same 545 

procurement areas and the level of uncertainty. The higher the uncertainty, the higher is the 546 

potential gain. 547 

Results also demonstrate that using a deterministic model in a non deterministic environment 548 

can yield false expectations and stresses the importance of analyzing and validating the so-called 549 

optimal plan. From our test case, the optimal deterministic plan is not the optimal plan when 550 

uncertainty is considered. Also, the optimal deterministic plan does not satisfy all demands when 551 

simulated in different scenarios, even though it was constrained to do so in the deterministic 552 

model. Moreover, it does not give any indication on the financial risk, nor the risk associated to 553 

the feasibility of the plan incurred by its implementation. A plan obtained from optimizing 554 

average parameter values should not be considered as the optimal plan to be implemented as is, 555 

but should rather be looked at as a first cut solution or merely a plan from which to build from. 556 

Also, our deterministic model generated candidate plans which do not dictate harvesting all 557 

the allowable volume to which mills were entitled to under their TL. This result reflects the 558 

situation experienced by most companies sharing procurement areas in eastern Canada. 559 

Therefore, further developments are being undertaken to look at the interdependency of 560 

companies sharing the same procurement areas and ways to facilitate their needed interactions 561 

will be explored. 562 
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Also, considering recourse actions could attenuate the importance of the financial risk 563 

criterion used for identifying the Pareto front by providing opportunities not considered in our 564 

approach. These new opportunities could generate higher profitability. Therefore, a recourse 565 

mechanism will be included into the planning process in order to make new planning decisions 566 

as events unfold such as in Myers and Richard (2005). 567 

Finally, the deterministic model presented in this article, when used in combination with the 568 

harvest block sequencing and equipment transportation model introduced in Beaudoin et al. 569 

(2005), allows for cost/value analysis. These analyses will examine tradeoffs between an 570 

increase in equipment transportation cost and reductions of costs incurred by holding inventories, 571 

opportunity cost, opportunity lost and lost of value caused by fiber deterioration. 572 
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Tables 647 

Table 1. Example of information used for 5 blocks. 648 

A B A B A B A B C D A B C D
6 41-01 736.5 1269.4 1490.0 2637.9 − − − 104.0 323.6 102.2 − 97.2 − −
8 41-01 807.3 189.4 716.8 774.8 1594.6 990.4 − − − − − − − −

16 42-02 − − 716.4 764.9 499.6 − − − − − − 51.1 96.5 51.4
19 42-02 1075.9 1913.6 − − − − − 26.1 80.8 − 25.2 75.3 101.3 −
22 43-04 975.1 3086.7 2047.8 4053.8 − − 99.9 203.9 101.5 103.1 − 51.7 51.7 −

Block Proc. Area MapleSpruce Balsam Pine Birch

649 
 650 
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Table 2. Example of probability distribution used in Monte Carlo sampling. 651 

Factors Standard deviation
Supply

Standing inventories 3.5%
Stumpage fees 1-5%

Production
Productivity

Harvesting costs 2%
Transporting costs 3.5%

Capacity
Harvesting 4%
Transporting 4%
Storing 1-4%
Milling 3%

Yield coefficients
End products 2%
Chips 2%

Clients
Valuation Levels 1-5%  652 
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Table 3. Plan’s feasibility. 653 

1 2 3 4 5 6 7 8 9 10 11
Feasibility (%) 90 70 100 100 100 100 10 100 60 90 50

Plan

 654 
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Figures 655 

Fig. 1. Example of a mill valuation function for a given resource over a determined season. 656 
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 Fig. 2. Planning process. 658 
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Fig. 3. Illustration of the wood procurement planning problem. 659 
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Fig. 4. Freshness of logs processed through the mills. 662 
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Fig. 5. Average plan’s profitability and associated standard deviation. 664 
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Fig. 6. Volumes to be purchased from private woodlot owners. 667 
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Fig. 7. Tradeoff surface. 669 
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