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Abstract

The forest supply chain encompasses different closely related operations. Harvesting and
transportation decisions are interdependent, where a modification in the former has a con-
siderable impact on the latter. In the literature, these decisions are usually approached in a
decoupled way, leading to suboptimal solutions. In this work, a mixed integer linear pro-
gramming model that integrates both problems for a weekly planning horizon is presented.
In addition to decisions about bucking patterns selection in each harvest area and the trucks
routing, the composition of the load and the scheduling of the harvesting crews are consid-
ered. In this way, the different involved tradeoffs are simultaneously addressed and solved.
Through the obtained results, the capabilities of the proposed model are analyzed.
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List of symbols

B Set of bucking patterns, b = by, ba,..., byax

BFy s Set of bucking patterns b that can be used in harvest area f
C Set of trucks, ¢ = ¢y, ¢2,..., Ciax

Cp Set of trucks belonging to regional base p

D Set of log diameters, d = dy, da,..., dimax

F Set of harvest areas, f = f1, f2,..., fmax
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Set of plants, i = iy, i2,..., imax

Set of log lengths, I = [, Io,..., Lyax

Set of regional bases, p = p1, p2,-.., Pmax

Set of time periods, t = t1, t2,..., tmax

Set of possible truck trips, v = vy, va,..., Viax

Cost per travelled kilometer between p and f ($/km)

Cost per travelled kilometer between f and i ($/km)

Cost per travelled kilometer between i and f ($/km)

Cost per travelled kilometer between i and p ($/km)

Plant processing capacity during period ¢ (logs)

Maximum truck capacity (ton)

Minimum truck capacity (ton)

Fixed cost per use of truck ($/truck)

Cost for loss of wood when applying pattern b ($/ton)

Inventory cost of log of length [ and diameter d in f ($/log)

Inventory cost of log of length / and diameter d in i ($/log)

Distance between p and f (km)

Distance between f and i (km)

Distance between i and f (km)

Distance between i and p (km)

Minimum committed demand (logs)

Total (weekly) demand (logs)

Log conversion (stem-to-log) by using bucking pattern b (log)

Loss of raw material after applying bucking pattern b (%)

Storage capacity, by type of log, in plant (logs)

Maximum amount of stems to cut in harvest area f (stems)

Minimum amount of stems to cut in harvest area f (stems)

Desired amount of standing stems at the end of the planning horizon (stems)
Initial stock of standing stems (stems)

Minimum number of times to apply bucking pattern b if used (stems)
Maximum amount of logs that a truck can load on a trip (logs)

Initial stock of logs, by type, in plant i (logs)

Maximum route duration time (h)

Average travel speed between p and f (km/h)

Average travel speed between f and i (km/h)

Average travel speed between i and f (km/h)

Average travel speed between i and p (km/h)

Weight of log of length / and diameter d (ton)

Binary variable that indicates if harvest area f is cut in period ¢ or not
Continuous variables that indicates the number of times bucking pattern b
is used in f in period ¢

Continuous variable that indicates the amount of logs of each type that are
generated in harvest area f in period ¢

Continuous variable that indicates the amount of stems that are cut in
harvest area f in period ¢

Continuous variable that indicates the amount of logs of each type that are
processed above the minimum demand in plant i in period ¢
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Qfg’ fit Continuous variable that indicates the amount of logs of each type that
remain on the roadside in harvest area f at the end of period ¢

(0] ZS {i,i,t Continuous variable that indicates the amount of logs of each type that are
kept in inventory at plant i at the end of period ¢

Q?_St Continuous variable that indicates the amount of stems that are left standing
in harvest area f* at the end of period ¢

QZTJ%, I Continuous variable that indicates the amount of logs of each type that are
transported from harvest area f during period ¢

QZT;’C’M Fi Continuous variable that indicates the amount of logs of each type that are
transported from harvest area f to plant i on trip v of truck ¢ in period ¢

X g oS f Binary variable that indicates whether truck ¢ during trip v travels from p

to f in period ¢ or not

Binary variable that indicates whether truck ¢ during trip v travels from f

to i in period ¢ or not

ng! i Binary variable that indicates whether truck ¢ during trip v travels from i
to f in period ¢ or not

L
Xc,v,f,i,l

5 v pt Binary variable that indicates whether truck c during trip v travels from i

to p in period ¢ or not

Y, lf }) p Binary variable that indicates whether bucking pattern b is used in harvest
area f in period ¢ or not

YCT’py / Binary variable that indicates whether truck ¢ belonging to regional base
p is used in period ¢ or not

Y, I,Tqu fit Binary variable that indicates whether logs of length / are loaded into truck
¢ during trip v that travels from f to i in period ¢ or not

Z Objective function ($)

1 Introduction

Generally speaking, supply chain encompasses all activities related to the flow and transfor-
mation of goods, from the raw material extraction stage to the delivery of the final products,
as well as the related information flow. Supply chain management is the integration of these
activities by enhancing the relationships between the members involved to achieve a sustain-
able competitive advantage. In the forestry sector, the main activities are related to harvesting,
transportation, inventory management and production. However, these activities are usually
treated in a decoupled way, and even in different planning horizons (Borges et al., 2014;
D’ Amours et al., 2008).

When closely related activities are addressed in a decoupled way, each decision made can
have a negative impact on the other; therefore, it is essential to tackle the performance of all
operations simultaneously. In the forest industry, transportation and harvesting are the most
expensive logistics activities (Simon et al., 2020), therefore, the integration of decisions such
as the type and quantity of raw material to be harvested, the volume of raw material to be
delivered and the level of supply actually required to meet the daily customer demand, can
improve the efficiency of the production system and save significant costs.

Harvesting activities at the tactical/operational level are associated with the extraction
of trees or stems from forest plantations and their subsequent bucking to convert them into
smaller logs, the latter having different destinations (sawmills, paper and pulp mills, among
others). The harvesting process involves tree felling, tree delimbing and tree debarking, and
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its subsequent transport to the sectors destined for stockpiling. The bucking activity consists
of the transverse cutting of a stem to produce logs of a certain length and diameter, and it can
be performed at the destination of the wood (plant or temporary storage sector) or directly
in the forest when the stem is harvested (Ronnqvist et al., 2015).

For each particular stem there are many bucking options, and consequently it must be
decided which products (logs) will be generated. The different ways of cutting a stem depend
on the characteristics of the tree and the required logs. The most relevant characteristics of
a stem are its length, diameter, quality and species. Bucking decisions are irreversible once
the stem is cut: a bad bucking decision can mean loss of wood and eventually generate
products without demand. The logs generated in the bucking process are collected, loaded
onto trucks and transported to their final destination. This transport activity presents different
variants depending on the type of the inherent routing problem: characteristics of the fleet,
characteristics of the route, pursued objectives, among others.

In the existing literature, from a tactical point of view, decisions related to harvesting are
first made and later, the log transportation is planned assuming certain supply capacity. At
operational level, bucking and routing problems are also separately addressed. In other words,
in a first instance the stems are cut to obtain the logs according to the customer’s demand and,
in a later instance, the delivery of the logs is decided: as bucking is performed without taking
into account the capacity of the vehicles and the information of the routes, it is possible that a
greater number of trips can be generated with partial load, and consequently greater distances
will be traveled increasing the total cost. For example, in El Hachemi et al. (2014) the authors
propose a two-stage solution methodology. In the first stage they determine the destination of
the raw material, while in the second stage they plan the routes to be performed by the truck
fleet in such a way that the requirements of the plants are satisfied (for a weekly planning
horizon). In this structure, no bucking decisions are considered, i.e. logs are available at each
raw material site, and hierarchical decisions deals with raw material allocation and truck
routing. In Bordén et al. (2020), the authors propose a mathematical model to simultaneously
determine the destination of a single type of raw material, the vehicle routing and scheduling,
for a daily planning horizon. However, it is also assumed that bucking decisions are fixed
(that is, the number of available logs is known). In a later work, Bordén et al. (2021a) propose
a column generation approach to solve the raw material allocation and routing problem for
fixed raw material availability. Again, no bucking decisions are considered.

When a decoupled approach is employed, many times transportation is considered as a cost
or even a capacity constraint, without detailing how trips and routes should be performed to
minimize the total costs. For example, Lintafi et al. (2016) present a mathematical program-
ming model for tactical harvest planning, where raw material transportation is considered as
a cost without taking into account vehicle routing decisions. In this work, in addition, the
authors consider that at most one bucking rule can be applied in each harvest area in each
period, strongly limiting the alternatives to satisfy customer requirements.

In Vanzetti et al. (2019), a multi-period mathematical formulation for the production
planning of sawmills considering aspects related to bucking activities is proposed. The authors
model the log production planning according to a predefined set of bucking patterns. For log
transportation, they assume that demands can be satisfied even if the number of logs to be
shipped from a given supplier does not complete a minimum truck load. Fuentealba et al.
(2019) propose a mathematical formulation to solve a similar problem to the previous one
considering the cost of transported volume, without specifying, for example, the percentage
of load of each truck or the number of trips. Again, routing decisions are not taken into
account in this formulation.
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In Dems et al. (2017), the wood procurement problem is addressed, where decisions about
the scheduling of harvesting crews and the use of bucking patterns are considered through
a proposed priority list. The simple cost per transported volume is assumed, without taking
into account the route performed by each truck and the number of required trucks.

This hierarchical way of dealing with these problems has unfavorable consequences both
from an optimization point of view (suboptimal solutions) and from an operational point of
view (it is not possible to correct a poor bucking operation). For example, when bucking
costs are minimized, logs not required by consumers can be obtained, generating stock of
logs that will eventually lose commercial value (fungi may appear and deteriorate its quality,
or they are used to elaborate products for which they were not be harvested).

As was mentioned before, the effective availability of raw material is determined through
the bucking activity. The associated transport activities will then depend on the raw materials
being transported, stems or smaller logs. The first case is the simplest to address, where
it is enough to determine the destination of the harvested stem—usually considering full-
truckloads—(Bordén et al., 2018), while the second case is more complex since transport
decisions must necessarily consider aspects related to the load of each truck (logs of the same
length must be transported on the same trip, although not necessarily the same diameter).
The second approach is addressed in this work.

According to Ronngqvist et al. (2015), one of the open problems in the literature is the
integration of harvesting and transportation problems at the operational level, i.e. the bucking
and routing operations. In line with this, a mixed integer linear programming (MILP) model
that integrates both bucking and routing decisions is proposed in this work. The developed
MILP model allows to determine, for a weekly planning horizon: the periods in which the
harvesting crews will work, the bucking patterns to be used in each harvest area and the
number of logs of each type (length-diameter) to be obtained, decisions related to log storage
in both harvest areas and plants, the size of the required truck fleet to distribute the generated
logs, the routes to be performed by each truck, as well as the composition of the load of each
trip. The simultaneous optimization of all these decisions permits an efficient management
and coordination of all these tasks. The different tradeoffs among the involved decisions are
together evaluated. In this way, this formulation helps to guide the decision making processes
for the harvesting and transportation operational planning in the forest industry. To the best of
our knowledge, there is no published work where all these decisions are jointly addressed. A
preliminary version of this work was presented in the International Conference of Production
Research—Americas 2020 (Bordon et al., 2021b).

In the following section the addressed problem is detailed, while in Sect. 3 proposed
MILP model is described. In Sect. 4, the model performance is analyzed: through a moti-
vating example, the potentiality of the developed mathematical model is highlighted and, in
addition, a large-scale problem is solved by emphasizing the trade-offs between harvesting
and transportation activities. Finally, in Sect. 5 the final remarks are highlighted.

2 Problem statement

The considered forest supply chain involves a set of industrial sites I = {iy, i2,..., imax},
whose raw material requirements must be covered. Each industrial site (or plant) demands
logs of a certain length L = {[1, 2,..., l;nax } and diameter D = {d, d»,..., dpax }- Itis assumed
that at a higher planning level (that is, annual harvesting planning) the set of harvest areas
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Fig. 1 Useful wood after applying
bucking pattern (d: useful STEM LOG 1
diameter, /: length)

Bucking
pattern

—

LOG2

F =1{f1,f2,..., fmax} to be exploited during the considered planning period T = {11, 2,...,
tmax } has already been defined.

At the beginning of the planning horizon, there are a known number of available stems
in each harvest area f (giniy). The stems that belong to the same harvest area have the same
characteristics since itis considered a planted forest. It is required that no more than a specified
number of stems remain standing at the end of the planning horizon (gendy), which depends
on the objectives of the company.

The number of stems that can be cut in a harvest area in a given period Q?St is limited by
the minimum and maximum stem cut capacity of the assigned harvesting teams in each area
(gcsming and gesmaxy, respectively). The costs associated with the harvesting crews are not
taken into account since it is assumed that they were considered at a higher planning level
(tactical harvest planning).

There is a set of predefined bucking patterns B = {by, b, ..., byay }. Taking into account
the stem size, some harvest areas may not be suitable for the use of some bucking patterns,
and then, the set BF, s that defines this relationship is introduced. By applying a bucking
pattern to a stem, logs of certain length and diameter are obtained: the conversion factor
of each bucking pattern (nu; ) establishes the number of logs of length / and diameter d
obtained through the bucking pattern b (see Fig. 1).

Associated with each bucking pattern there is residual material, loss, measured in tons,
and the corresponding cost, clossp, per ton of unused wood. This residue includes both stem
fine tip (i.e., wood not suitable for sawing) and losses due to the taper of the log.

If a bucking pattern is applied in a given harvest area, it should be used at least gminb;,
times to avoid additional setup times and costs. The logs generated in harvest area f that
are not transported at the end of the planning horizon in g0 are considered as lost raw
material with an associated cost, cgrl; .

With regard to the requirements of the plant i, the weekly demand of logs (discriminated
by length and diameter) must be satisfied, dtot; 4;. This weekly demand can be covered in
any period. However, each plant has a daily minimum requirement for logs (dmin; 4 ;) and
a limited processing capacity per period (cap; ;). Moreover, each plant has a limited storage
capacity given by maxstock; 4 ;. All these parameters are measured in number of logs.

Logs not used by each plant at the end of the planning horizon have a cost cstock; 4,
because it is assumed that these raw materials may not be required in the future and lose
quality, or they may be used for manufacturing products for which they were not intended,
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affecting the productivity levels of the plant. At the beginning of the planning horizon there
is an initial inventory of logs available from previous planning periods, stockiniy ;.

Regarding the transportation activity, there is a heterogeneous fleet of trucks C = {c, c», ...,
Cmax } to transport the logs from harvest area to plants. The number of logs to be transported
on each trip of each truck depends on its capacity. Each truck has a minimum (capmin,)
and maximum (capmax.) load capacity, in tons, while each log has its corresponding weight
(weight; 4), in tons. In addition, on each trip, trucks can only transport logs that are the same
length, although not necessarily the same diameter. Trucks are housed in a set of regional
bases P = {p1, p2,-.., Pmax }, to Which they must return after completing all the assigned trips.
Each truck is assigned to one and only one regional base, where this relationship is given by
the set PC, ..

Regarding the composition of truck routes, the definition of Bordén et al. (2018) is con-
sidered. In this approach an arc-based formulation is used, where the route performed by
each truck consists of a departure movement from its regional base, a succession of move-
ments between harvest areas and plants, and finally a return movement to the regional base
from where the route began. Multiple pickups/deliveries are not allowed before making a
delivery/pickup, that is, the truck loads logs in a single harvest area and delivers them in a
single plant, on each trip. Each truck has a limited working day time (maxt. ;) and a maxi-
mum number of movements or trips V = {vy, va,..., Vimax} to be performed in each period
t. With regard to travel times, these depend on whether the truck is traveling loaded or not.
The loading and unloading times of each truck in each node of the network are assumed to
be known (load.y and unload.,;, respectively).

Finally, regarding the costs associated with the transport activity, variable costs (per kilo-
meters traveled with and without load) and fixed costs (per use of trucks) are considered.

In summary, the addressed problem determines (see Fig. 2):

e The number of cut stems in each period and remaining standing stems at the end of each
period in each harvest area: QCS and Q35 T respectively.

e The periods in which harvestlng activities are carried out in each harvest area, CUTy ;.

e The selection of bucking patterns and the number of times they are applied in each harvest
area in each period, Y2 b, f and Qb i , respectively.

e The number of generated logs of each type (length-diameter combination), per period, in
each harvest area, Q id f.

e The number of transported logs of each type, per period, from each harvest area to each
plant, QIT"%J.J.

° The number of remaining logs of each type, per period, at the roadside in harvest areas,
Ql d.f.t

e The number of processed logs of each type (above the minimum demand) in each plant in
each period, QII,JdL’iJ.

e The inventory levels of logs of each type, per period, in the storage yard of each plant,

Ql d,it"
e The truck selection in each period, ¥,/ it
e The type of logs loaded on each trip by each truck and the number of logs (of the same
length but not necessarily the same diameter) transported on each trip by each truck from
each harvest area to each plant in each period, ¥,© Lo fit and QZT}_C’UJ’ ;.1 respectively.
e The route performed by each truck in each perlod that is, its initial, loaded, unloaded and
return movements, (X ep it Xch fline ng,i,f , and XC Vi pit respectively). See Bordén
et al. (2018) for further details.
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Fig. 2 Harvesting and transportation problem description

3 Mathematical model
3.1 Objective function

The objective function is given by the cost minimization expressed through (1), where:
CVTransy establishes the variable cost per traveled kilometer, CF7"P represents the fixed
costs per use of trucks, CV%* defines the cost for raw material loss when applying a bucking
pattern, CV5°°k sets the cost of keeping logs in plant storage yards at the end of the planning
horizon, and CV985 establishes the cost of not transported logs which remain on the roadside
in the harvest areas at the end of the planning horizon. The detailed list of model parameters
and variables is presented in the Nomenclature section.

min Z = CVTransp + CFTransp + CVLoss + CVStock + CVLogs (1)

where

VTranvp_Z Z ZdefpfcdprCpft+ZZZZdelszlft e, flilt

¢ pePCpc f 1
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+Zzzzzdlf’fcu’fxévlff+z Z ZZZdlp,pcr,p i, p.t

¢ pePCp. v
(1a)

CFTramse =3 3" N "ctrucke Y[, (1b)

¢ pePCp. 1

cvloss — Z Z chossblosstbft (1c)

b feBFp s 1

cvyStock Z Z Z estockai Q75 i -7 (1d)
1 d i

cvioss =% %Y carlas QR rumiry (le)
I d f

The restrictions associated with the problem are presented below.

3.2 Constraints related to harvesting and bucking activities

Constraints (2) and (3) define the balance of stems in each harvest area in each period.
Constraint (2) determines that, for the first period, the number of cut and standing stems after
the harvesting must be equal to the available stems in the harvest area, while for later periods,
constraint (3) establishes that the number of cut and standing stems in the period must be
equal to the number of standing stems in the previous period.

055 + 0%, =qiniy YfeF.1=1 )

0%, 1 =055+0%, VfeF.1>1 3)

The number of standing stems at the end of the planning horizon must not exceed a
determined target.

0%, <qend; VfeF,t=IT| 4

Constraints (5) and (6) establish the minimum and maximum number of stems to be cut,
by period, where CUT;, is the binary variable that indicates whether the harvesting activities
are carried out the harvest area or not.

Q?i > gesmingCUTy, VfeF VteT 5)
Q?SI <gcsmaxy;CUTy, Vf e FVteT (6)
The number of cut stems must match the number of times the bucking patterns are used.
> 0ff, VfeFvteT (7
beBFy ¢

Constraint (8) defines the number of generated logs of each type by using the bucking
patterns.

> nuapQfh, =05, V€L VdeDNfeFNteT 8)
bQBFhvf

Constraints (9) and (10) determine the minimum and maximum number of times that the
bucking patterns can be applied, respectively. It should be noted that the maximum number
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of times that a bucking pattern can be applied in a harvest area is limited by the maximum
number of stems to be cut during a period, since only one bucking pattern can be applied to
each stem.

0p% 1 = qminbyYF, (b, f) € BFy sVt €T 9)
0p% . < qesmaxpY)F, Vb, f)€ BFy p Vi €T (10

Constraints (11) and (12) state that a bucking pattern must be used in a harvest area during
a period if and only if a harvesting crew cuts stems in the harvest area during that period.

Ylf]{?,t <CUTy, Vb, f)e BFp s, VteT (11)
CUTy; = Z bB;)t VfeF\NteT (12)
beBFy f

Constraint (13) ensures that harvesting crew cuts in successive periods. These constraints
are incorporated into the model to avoid having idle days without operations.

CUTf; < CUTfi1 —CUTs+1 VfeF, ¥V €T k>1+2 (13)

Constraints (14) and (15) state the inventory balance of each type of log in each harvest
area, per period. Constraint (14) determines that, for the first period, the amount of cut logs
can either be sent to customers or remain in stock in the harvest area, while constraint (15)
states a similar condition for later periods.

Q,Cj,f,, =0l +0f;, VleLVdeDVfeF =1 (14)

Of i ju+ Ot =000 +0fG;, VIeLVdeDVfeF,i1>1 (15

3.3 Constraints related to distribution activities

The number of logs of length / and diameter d shipped from a harvest area must correspond
to the total number of logs (of the same type) transported by all trucks from that harvest area
to the different customers.

Ol = ZZZQMC,U’}W VieL,VNde D,YfeF,VteT (16)

Only logs of the same length are allowed to be transported on each trip; therefore, the
binary variable Yl,Tch, i indicates if logs of length / are delivery from harvest area f to plant
i in trip v performed by truck c in period 7. Equations (17) and (18) state this condition, where
the parameter gttupy g .c,v, f,i,, represents the maximum number of logs (of each type) that a
truck can transport during a trip (this parameter is calculated considering the logs dimension
and the available truck capacity, in m?).

Qﬂ,cﬁwﬂm < qnup,,d,c,v,f,i,,Y,VTC‘TU,“, VieL,Nde D,Yce C,NveV,Nfe FNiel VteT
)
Syl =Xk, ;i YeeC YveV VfeF Yiel Vel (18)

Constraints (19) and (20) state the minimum and maximum load capacity of trucks, respec-
tively.
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DN weighta Q) ., oo = capmineXE, ,, YceC.YveV.VfeF Viel VieT
I d
(19)
ZZweightl,dQlT,iw,f’i’t < capmachf’v’f,iq, VeeC,YveV,VfeF,Viel VteT
I d
(20)

Through the restrictions (21) to (30) the routes that each truck must perform are built.
These constraints are adapted from Bordén et al. (2018). Constraints (21) and (22) establish
that if a truck is used, it must at most leave and return to the corresponding regional base.
Constraint (23) assures that a truck has to visit one harvest area when it departs from its
regional base. Equations (24) and (25) establishes a truck can perform loaded and unloaded
movements, respectively, only if the truck is used. Equation (26) states that if a truck is used,
it must perform at least a loaded trip. The appropriate sequence of visits to each node in
the network is described through Eqgs. (27)—(29). Constraint (27) states that for each trip, an
unloaded movement must be performed, if loaded movement is first travelled. Equation (28)
denotes that if an unloaded truck from a plant arrives at a harvest site, this truck must visit a
plant in the next trip. Constraint (29) states that if a truck completes a loaded movement from
harvest area f to plant i, then the truck can either perform an unloaded movement toward
some f to begins a new trip or goes toward its base regional p to finish the route. Equation (30)
states the travel time limit for each truck.

Zxc u =YL, Ve.p) e PCp V1T 1)
ZZXC vipy =Yl V. p)EPCp VI ET (22)
X2 = Zxcﬂv,f,,.,, V(c.p) € PCpe VfeF VieT, v=1 (23)

i

XE, pie <YD,, Y. p)ePCpe VeV VfeF NielVieT  (24)

X i S, Ve, p) e PCpe, Yo eV VfeF VielVieT (25)
Cp,_ZZwafl, Y(c,p) € PCpe,Vt €T (26)
Zxcv,f, Zxc,v,_m VeeC,YveV,Viel,VteT Q27)
wallft<Zwa”vCeCerFVteTu>1 (28)
Zxcvfzt ZXLU,fﬁXfU,p, Y(c,p) € PCpe,Yv eV, Viel,VteT

(29)

dpf, dfiy.i
Zf:(vpdﬂff) cPft+ZZZ( vllff ) e, flit

i

(G Wt D52 )i
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+ ZZZ(Zoadc,f +unloadcy,')XCL’vyfyiv, <maxt.; Y(c,p) € PCp¢,VteT
voof
(30)

3.4 Constraints related to production activities

Equations (31) and (32) set the inventory balances of logs of each type in each plant. Constraint
(33) determines the maximum inventory capacity of logs of each type in each sector of the
storage yard, while restriction (34) establishes the processing capacity limit of each plant in
each period. Equation (35) forces the total demand for each plant to be covered.

ZZZdeCUf,,"'Skalmldz—dmmldzr"'Qld,,"'Qld,, \Z)

eL,YVdeD,VYiel,t=1 31
ZZZQldcufzt+Qldztl_dmlnldlf+Qldzt+Qld1t vi
c v
€L, VdeD,Viel,t>1 (32)
0L ., <maxstock;g4; VleL,V¥deD,Viel VteT (33)
SN (dminmaii+ Q,‘f’j,,.,,) <capi, YielVteT (34)
I d
> (dminiaic+ OFf;,) =dtona; Vel NdeDViel (35)

t

Finally, (36) and (37) establish the nature of the involved variables.

L R U BP T TT
CUTfJ’ X Xc,v,f,i,t’ Xc v,i,p,t? Xc,v,i,f,t’ Yb,f,t’ Yc,p,z‘7 Yl,c,v,f,i,t € {0’ 1} (36)

D
op. fit>

CL TT
Qb f.t Ql,d,f.t’ th’ Qldlt’ Qld/ t’ Qldz t’ th’ Qld f.t Ql,d,c,v,f,i,t’ zZ> 0 (37)

4 Computational results
4.1 Motivating example

In this section a very simple example is presented in order to highlight the economic and
operational impact obtained by jointly addressing both problems. This example is developed
for illustrative purposes, and consists of a single plant that demands logs from a unique
harvest area. The log demands for each period for each type of log, the total demands and
the bucking patterns conversions are displayed in Table 1.

The example is tested using both integrated and hierarchical approaches. Table 2 shows
the results corresponding to integrated model solution and describes the number of logs (of
each type, i.e., length and diameter combination) that remain in stock in the harvest area,
the number of transported logs and logs in stock at the plant, in each case by period. The
difference with respect to the solution obtained by the hierarchical approach is detailed in
parentheses. For example, the first row of Table 2 in its first three columns describes that,
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Table 1 Minimum demand per period, total weekly demand and bucking patterns

Log type Minimum demand (logs) Total demand (logs) Bucking patterns
1 5) 5] b by b3

I dy 0 50 0 100 1 2 2
Iy dy 0 80 0 100 2 1 0
I d3 25 75 0 100 0 1 1
I dy 0 20 80 125 1 2 0
Irdy 100 20 50 200 0 1 1
lydy 0 0 90 100 2 0 1
lrds 50 0 50 150 1 2 0
lrdy 0 50 0 75 2 0 3

after the harvest, there is a total of 620 logs of length /; and diameter d ¢; and f,, and 80
in #3, for the optimal solution of the simultaneous approach. On the other hand, when the
hierarchical approach is performed, the number of remaining logs of this type in the harvest
area is 700 in #1 and 7, and no logs in #3. In a similar way, the number of transported logs
from the harvest area to the plant and the number of stored logs in the plant for each period
and for both approaches are displayed in the second and third group of columns, respectively.

As it was mentioned in the Introduction section, a traditional hierarchical approach solves
bucking and routing problems in decoupled way. First, the bucking is solved, and the global
quantities of logs transported from harvest areas to plant are determined without specifying
trucks load, number of trips, and routes. Then, knowing the quantity of logs obtained from
the bucking, the routing is performed.

The model for the first stage considers the minimization of the cost given by raw material
losses (due to the use of a bucking pattern, CV25), raw material harvested and not transported
at the end of the planning horizon (CV5°°) and raw material transported but not processed
in the plant at the end of the planning horizon (CVL98*). The involved constraints are Eqs.
(2)—(16) and Egs. (31)—(35). Constraints (16), (31) and (32) must be rewritten since the
positive variables Q] 7 . 7.i.¢ are defined for each trip v performed by truck c (at this stage,
routing decisions are ignored). The modified constraints are as follows:

Olhsi=> 04, VleLV¥deDVfeFVteTl (16b)

i
> 0L i +stockiniy g =dming g+ Q)5 +0ff;, YleLV¥deDVielt=1
7
(31b)

Z O % ;i + 00k =dminjg; +0f5, +0ff,, VYleLVdeDVielt>1
7
(32b)

Note that er,g,c,v,f,i,t are replaced by QZT’;’f,I.J. QZ:;,f,i,t represents the number of logs
transported from each harvest area to each plant in each period.

Once the harvesting problem is solved, the routing problem is addressed fixing the solution
obtained in the first stage and minimizing the cost given by raw material transportation
(variable cost per traveled kilometer, CV7""P) and the use of trucks (fixed cost, CFT@P),
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The variables that link both problems are Q7* Ld.fit This relationship is given by constraint
(38):

0% rin = ZZQ,CLCWM VieL,VNdeD,NfeF\Niel ¥yteT  (38)

Therefore, the routing stage model includes constraints (17), (18), (20) to (30) and (38).
Constraint (19) is relaxed in order to avoid infeasibilities given by the inability of fitting the
number of logs to the truck capacity lower bound (for example, according to Table 3, c9
during trip v; in period ¢, transports 50 logs of length /> and diameter d4, which represents
approximately 10 tons).

In Table 2 the results obtained from hierarchical approach are displayed in parenthe-
ses. They describe the number of logs that differs from the simultaneous approach solution
(minus sign means that less quantity is obtained through the hierarchical approach). The
total transported logs in the simultaneous solution are 764 less than those determined by the
hierarchical approach and, therefore, shorter inventory is generated in the plant in the last
period. In both approaches 400 stems are harvested, but different bucking patters are applied.
In the hierarchical solution methodology, the bucking patterns b, and b3 are applied 172 and
228 times, respectively, while in the integrated solution, b; is applied 100 times and b3 300
times.

Table 3 Used trucks and transported logs on each trip

Truck-trip 1 t 13

di dy ds dy di d> d3 dy di d> d3 dy

Hierarchical solution

crvilp 0 0 0 0 0 0 0 0 0 12 130
cyvnl 0 0 0 0 0 0 0 0 47 0 119
cpvylyp 0 0 0 0 0 0 0 0 0 0 136
c3vi 0 0 0 0 0 0 0 0 180 0 120 56
c3vylp 40 0 0 0 0 0 0 0 0 0 0
c3v 100 0 25 25 0 0 0 0 180 72 180 16
cs vyl 0 0 0 0 0 0 0 0 180 102 0
csvalp 0 0 0 0 0 0 0 0 0 180 0
ce V1l 0 0 0 0 0 0 0 180 0 0 139
cev2 Iy 0 0 0 0 0 0 0 0 160 0 0 88
covy Iy 180 0 0 0 0 0 0 50 0 0 86
co vy 0 0 0 0 0 100 75 20 0 0 0
cogvyly 180 0 50 25 0 0 0 0 1 0 136
Integrated solution

c3vi 0 0 0 0 0 0 0 180 0 180 0
c3v 0 0 0 0 0 0 0 180 120 0 73
covy Iy 180 80 100 45 0 0 0 0 180 20 0 80
covylp 0 0 0 0 0 0 0 137 0 0 0 0
cogva 0 0 0 0 0 0 0 0 180 0 120 75
cogvylp 180 180 50 25 40 0 150 51 0 0 0 0
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Another notable result is the use of trucks and the loading of logs per trip. Table 3 shows
the detail of the transported logs per trip in each solution approach.

Table 3 shows that, for the hierarchical solution, 2 trucks are used in the first period (c3 and
c9, performing 2 trips each), one truck in period 2 (c9, performing 2 trips) and 6 trucks in the
last period (all perform 2 trips except for one truck that performs only one trip). On the other
hand, for the integrated solution, one truck is used in the first two periods (cg, performing 2
trips in each period) and 2 trucks are used in the last period (c3 and cg, performing 2 trips
each). In summary, through the hierarchical solution methodology, 19 trips are performed
throughout the planning horizon, while only 8 trips are performed in the integrated solution.
This implies a better use of the truck’s load capacity, with the corresponding decrease in the
variable costs per travelled kilometer and fixed costs for truck use.

From the economical point of view, the total cost obtained from the simultaneous approach
is equal to $19,563.88 while from the hierarchical approach is $22,057.48 (12.75% greater).
All the considered economical terms are reduced in the simultaneous model solution, except
for inventory cost at harvest sites. In this case, the transportation cost is not so significant
since both locations are close each other, reaching $2447.5 for the simultaneous approach
and $5811.5 for the traditional one, which represents an increase of 137.45%.

As can be seen, when dealing with bucking and routing problems in a decoupled way,
highly inefficient situations are generated. This motivating example shows the potential sav-
ings that can be obtained by applying the mathematical model presented in this work.

4.2 Real-size example

The model performance and capabilities are assessed through the following example. In this
case, two plants that demand logs of 4 different lengths (/1: 3 m, /: 3.5 m, [3: 4.25 m and
l4: 5 m) and 4 different diameters (d;: 0.1 m, d>: 0.18 m, d3: 0.22 m and d4: 0.3 m) are
considered. Table 4 shows the minimum and total demands, for each plant and each type
of log during the planning horizon (5 periods). In addition, Table 4 also shows the total
weight of the required raw material (in tons). Assuming a conversion factor of 0.8 tons/m?
of pine, in this example a weekly supply of 1697.5 tons of raw material (equal to 2121 m?)
is considered. According to the Ministry of Agriculture, Livestock and Fisheries (2015),
the volume of transported raw material in this example is similar to that handled in large
companies. The weight of a given log is calculated assuming a perfect cylinder of length /
and diameter d, according to weight; q[ton] = 0.8 x w * [ x (d/2)>.

Regarding the storage capacity, it is assumed that each plant has 150 m? assigned for each
type of log, so the maximum number of logs to be kept in inventory is obtained according to
maxstock q; = 150 % (7 %1% (d/2)?) .

There are 3 harvest areas with different availability of standing stems to obtain the required
logs (ginir): 8000 stems in f, 7000 stems in f> and 6500 stems in f3.

In each available harvest area, there are two harvesting crews. These harvesting crews
can use a set of predetermined bucking patterns, which are presented in Table 5. This table
shows the number of logs of each type that can be obtained with each bucking pattern
(conversion factor, fconv; 4,5) and the percentage of raw material lost when each pattern is
used. In addition, the harvest areas where these patterns can be applied are also detailed. For
example, the element placed on row “I; d1” and column “b;y (f1, f3)” equal to 1 means that
applying the bucking pattern b to stems of harvest areas f and f3, one log of length /; and
diameter d is obtained. In the last row of this column, the value 7 represents the percentage
of the loss obtained when bucking pattern b; is applied to stems in harvest area f| and f3.
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It is assumed that each harvesting crew can process a maximum of 50 stems per hour,
so the maximum harvest capacity is 100 stems per hour. In addition, if the harvesting crew
works in a certain period, it is desirable that it operates at least 50% of its capacity.

There is a fleet of 20 trucks with a minimum and maximum load capacity of 18 and 27 tons,
respectively. This fleet is distributed in 10 different regional bases. Each truck can perform
a maximum of 3 trips with load on its route, as long as the working time limit allows it (8 h
per day).

Truck loading times in harvest areas and truck unloading times in plants are considered
30 min (on average). The distances between each of the nodes of the supply network are
presented in Table 6. This table also shows the availability of trucks in each regional base
and its associated fixed cost. The remaining parameters are detailed in Table 7.

The model is implemented and solved in GAMS (Rosenthal, 2020) 24.7.3 version, with
the CPLEX 12.6.3 solver, in an Intel(R) Core(TM) i7-8700, 3.20 GHz.

Table 6 Distances between nodes (in kilometers), trucks hosted in each regional base and associated fixed cost

(in $)

Distances (km) Fixed cost ($)

f1 12 f3 i i
p1(c1) 100 80 95 35 70 132
p2(c2) 80 30 150 55 65 134
3 (c3) 45 105 65 40 80 136
P4 (ca) 65 70 43 80 51 138
ps (cs) 49 57 80 75 37 140
6 (c6) 63 21 80 60 50 142
p7(c7) 75 106 59 95 45 144
ps (cg) 50 70 60 104 80 146
P9 (c9) 49 83 72 25 65 148
p1o (c10 @ ¢20) 84 72 76 76 63 150
i1 50 110 85
in 75 65 80

Table 7 Model parameters considered for real-size example

qttupy 4 c v fi¢ 180 (logs) qminby, 0 (logs)

stockinij g ; 0 (logs) cdp. £ 2.5 ($/km)
cstocky g i, 17*weight| 4 + 5 ($/log) clg 1.5 ($/km)
cstocky d i, 17*weight| 4 + 10 ($/log) cuj £ 2.5 ($/km)
cqrly g f, 15, 33*weight) 4 +7 ($/log) crip 2.5 ($/km)
cqrl g f, 15, 33*weight) 4 + 14 ($/log) vdp, £ 55 (km/h)
cqrly g ¢ 15, 33*weight) 4 + 21 ($/log) vlg 40 (km/h)
clossy, 9.55 ($/ton) VU f 50 (km/h)
cap; ¢ 5000 (logs) Vi p 55 (km/h)
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The proposed example contains 11,910 binary variables, 29,966 continuous variables,
and 42,959 constraints. The obtained results, after 15 min of execution, are presented below,
where the found solution presents an optimality gap of 3.42%. The value of the objective
function is $118,017.32.

Regarding the harvest stage, the amount of cut stems in harvest area f is 780, 657 and
541 for periods ?1, ¢ and ¢3, respectively, while in harvest area f, 404 and 400 stems are cut
in periods #1 and ?,, respectively. In the case of harvest area f3, 542, 474 and 400 stems are
cut in periods #1, #2 and 3, respectively. No cutting activities are carried out in periods 74 and
t5 in any of the harvest areas.

Due to in this example no initial stock of logs is considered in any of the nodes of the
supply chain, it is necessary to assign at least one harvesting crew to the first period to cover
the minimum demand of the plants in that period. And, because harvesting crews are required
to work in successive periods, forest production (harvesting) will be concentrated in the early
planning periods.

Since the harvesting crews perform the cutting activities during the first 3 periods, in the
last periods the demands of the plants are completely covered with stocks (both in harvest
areas and in plants). It is worth to mention that only stocks at the end of the planning horizon
(logs remaining at forest sites and plants in #5) have cost.

The used bucking patterns and the number of times they are applied in each period and in
each harvest area are detailed in Table 8.

From Table 8, it can be seen, for example, that the bucking pattern b4 is used 360 times
in the harvest area f| and 73 times in the harvest area f3, during the period #1; in turn, it is
used 187 times in {1 and 134 times in f'3 during period #;; finally, it is used 199 times in f3
during the third period.

The detailed bucking and routing weekly plan can be obtained from the model solution.
Next, some results are described and the corresponding analysis is presented in order to have
a concise view of the approach capabilities. Due to the large amount of information, only for
some types of logs the results are exposed.

Table 8 Number of times bucking pattern b is applied in harvest area f, per period

Period /Harvest area Bucking pattern

by by b3 by bs be by bg by bio

3

f1 73 274 6 360 67 0 0 0 0 0
f2 0 0 0 0 0 165 130 0 109 0
13 0 0 185 73 0 0 107 0 1770
5]

11 0 245 0 187 225 0 0 0 0 0
fa 0 0 0 0 0 399 0 0 1 0
73 0 0 0 134 0 111 229 0 0 0
13

f1 0 0 540 0 1 0 0 0 0 0
72 0 0 0 0 0 0 0 0 0 0
f3 0 0 0 199 0 0 0 0 201 0
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Table 9 Fulfillment of demand, for logs of length /3

I3 i i

QTL mindem QPL QSL covdem QTL mindem QPL QSL covdem

dy

1 180 100 0 80 100 360 100 260 0 360
ty 197 100 0 177 200 334 200 134 0 694
13 93 100 0 170 300 360 200 0 160 894
t4 0 100 0 70 400 130 200 90 0 1184
ts 180 100 150 0 650 316 200 116 0 1500
d>

1 0 0 0 0 172 100 0 72 100
ty 206 0 206 0 136 0 0 208 100
13 34 0 0 240 0 352 500 0 60 600
71 0 0 240 0 240 110 0 0 170 600
ts 110 100 10 0 350 180 0 350 0 950
d3

1 171 100 0 71 100 134 0 134

1 231 300 2 0 402 19 0 153

13 0 0 0 0 402 57 0 210

7 0 0 0 402 0 200 0 10 200
ts 98 0 98 0 500 290 200 100 0 500
dy

1 112 0 112 0 50 50 0 0 50
ty 114 0 226 0 90 0 90 0 140
13 201 0 427 0 0 0 0 0 140
t4 0 150 0 277 150 57 0 57 0 197
ts 0 0 200 77 350 53 0 53 0 250

Table 9 shows the fulfillment of the demand for each diameter corresponding to length
I3, for each plant. It details information about the number of logs transported to each plant
(“QTL”), the minimum demand to cover (“mindem’), the level of demand covered above the
minimum committed demand (“QFL”), the inventory level of logs in plant at the end of the
period (“QSL”) and the weekly cumulative demand level (“covdem”).

It is interesting to analyze the operations on a log type. For example, for the case of the
log of length /3 and diameter d» for plant i1, no logs of this type are transported in the first
period. In the second period, 206 logs are transported, which remain in stock (they are not
used). In the third period 34 logs are transported, increasing the total logs in stock to 240. In
the fourth period, no logs of this type are transported and the 240 logs in stock are used to
cover part of the weekly demand (240 out of 350). In the last period, 110 logs are transported,
of which 100 correspond to the minimum committed demand for that period and the 10 extra
logs are used to cover the entire weekly demand (350 in this case).

Regarding the log inventory levels, Figs. 3 and 4 show the obtained results for logs of
length /3 in harvest areas and in plants, respectively.
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Fig. 3 Stored logs, by period, in each harvest area

W Stock(il) m Stock(i2)

Fig. 4 Stored logs, by period, in each plant

In Fig. 4, it can be seen that, since the stored logs in the plant at the end of the planning
horizon have a penalty cost, the stocks are minimized in period ¢5. Furthermore, as the cost
for keeping a type of log in stock at plant i is higher than in plant i1, the model tends to
use the stock capacity in the last period in plant i; (note that in plant i, the stock level in the
last period is zero). A similar situation occurs for harvest areas, since harvest area f| has the
lowest maintenance cost, and therefore, its inventory level is the highest in the last period
(see Fig. 3).

As can be seen, in this solution many logs of length /3 and diameter d4 are generated that
are not transported during the planning horizon. This is because the model chooses to use
those bucking patterns that have the best performance (for example, b3 and by, see Table 8).

In the third period, for example, 540 times b3 (in f1) and 201 times bg (in f3) are used,
which generates a total of 741 logs of type /3-d4 (this type of log has a relatively low demand,
600 logs, as can be seen in Table 4), i.e., some bucking patterns are used because a certain log
is needed and in these patterns logs with diameter d4 are also generated (as a by-product).
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As was previously mentioned, bucking pattern b3 (see Table 8) is used 540 times in the
third period in harvest area f';. All those logs generated by b3 are eventually transported to the
plants, with the exception of logs with diameter d4 (with higher associated inventory costs,
due to their weight). As is to be expected, in the last period, the logs required to satisfy the
weekly demand are mostly transported, leaving the logs generated by excess on the roadside
in the harvest areas. This phenomenon can be seen in Table 9 for period ¢5, where the total
number of logs transported to the plants is practically consumed in this last period.

Table 10 shows the number of logs of each type sent from each harvest area and the number
of logs transported to each plant in each period.

Finally, regarding the use of vehicles, 15 trucks are used in period #1, 15 in period #2, 13
in period 73, 11 in period ¢4 and 13 in period ts. Table 11 shows the load (in number of logs
and total weight) corresponding to each trip of the used trucks in the last period (t5).

The route composition for each truck can be gathered from this table. For example, in the
last period, truck cg performs two trips. On the first trip it transports logs of length /; from
f1 to ip, with a minimum load (18.03 tons). The load is composed of 178 logs of diameter d
and 161 logs of diameter d3. On the second trip, the truck transports logs of length /> from
f1 to iy with full load (26.99 tons) carrying 23 logs of diameter d1, 103 of d, and 180 of d3.

For this particular example, when traditional approach is applied decomposing in two
steps, with harvesting optimization first, and solving the transportation problem in a second
stage, the total costs worse 32.3%, with a very significant difference in the transportation
cost, which doubles it value (125% increase).

5 Final remarks

In the forest industry, decisions associated with harvesting are closely related to production
planning decisions in plants. The plants, based on the commitments assumed with the cus-
tomers, plan detailed raw material supply programs to guarantee production. The harvesting
crews receive these supply schedules and harvest the raw material accordingly. Transportation
activities, in general, are not taken into account in this structure and have a great influence,
not only on the efficiency of the system but also on the cost. Therefore, the problem should
be addressed through a supply chain approach.

Previous works found in the literature usually address these issues separately, which leads
to suboptimal and highly inefficient solutions. These inefficiencies are related to unnecessary
log inventory levels both in harvest areas and in plants, and with the under-utilization of truck
loading capacity due to inefficient coordination, generating a large number of trips and the
corresponding increase in the number of used trucks. The foregoing has been made explicit
through the motivating example developed for this purpose.

In order to face this drawback, in this work a MILP model was proposed that allows
making decisions related to: the operational harvest planning and the inventory levels of logs
at each node of the supply chain, the delivery of logs of different types from each harvest area
to each plant, the load composition for each truck and the routes to perform by each truck to
distribute the corresponding logs. The mathematical model considers heterogeneous fleet of
trucks, multiple depots and multiple periods.

Simultaneous optimization of all these decisions leads to an approach where bucking,
allocation of raw material (logs) and transportation activities are coordinated and efficiently
addressed. The different tradeoffs among these decisions are jointly assessed and effectively
evaluated. This approach represents a useful tool for operational planning of these tasks
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Table 11 Load composition of each trip (for the last period, t5)

Truck/trip Origin/destiny Length Logs Total load (ton)
dq d> d3 dy
c1-vq fa-i1 %) 0 0 0 136 26.90
V] f2-i1 153 0 0 170 45 26.99
c3-v] f1-i1 Ig 180 0 0 75 26.85
c3-v) f1-i1 I3 180 110 98 0 26.98
c4-v1 f3-in I3 136 0 180 0 26.84
c5-v] f1-i1 153 177 57 179 0 27.00
c5-v) f1-i2 I3 180 180 0 0 20.38
c6-v1 fa-ia Ig 40 96 105 0 26.98
c6-v2 fa-ia I3 0 0 110 53 26.94
c7-v] f3-ia Iq 157 0 145 0 26.97
c9-v] f1-i2 I 178 0 161 0 18.03
c9-v) f1-i1 153 23 103 180 0 26.99
€10-vV1 f3-i1 %) 0 177 111 13 26.98
c11-v1 f3-i1 I 40 0 180 57 26.84
C14-V] f3-in A 178 171 0 25 18.02
c16-V1 f3-i1 153 0 176 0 73 26.97
€201 f3-i1 153 0 168 0 76 26.99

in the forest industry, and the good computational performance allows appraising diverse
harvesting-routing scenarios for guiding the decision maker.

Forest supply chain is confronted to several sources of uncertainty, such as stem dimensions
in harvest areas, log demands, produced logs,, stems accessibility due to climate conditions
(harvest sites are located in a tropical zone and rains complicate transportation), etc. Although
the most works presented in the literature for the problem considered in this article assume
deterministic model parameters, a more realistic representation must take into account uncer-
tain parameters. This assumption will be considered in future works as well as methodologies
to efficiently solve stochastic optimization.

Another future work from the planning point of view is considering long time periods,
i.e. the harvesting and transportation planning over several weeks. This assumption increases
the model size and therefore, complicates the model solution. In order to overcome this
drawback, the so-called rolling-horizon approach can be adopted. This method aims to solve
the problem periodically, including information of the certain periods. In this way, the model
presented in this work can be repeatedly solved for each next period fixing the variables of
previous periods to their optimal values prior obtained.

Finally, improving the computational efficiency to solve the proposed formulation rep-
resents a challenging task. Although the performance of the solved real size problem has a
small optimality gap, it is desirable to arrive at optimal solutions and be able to tackle larger
problems. The development and application of methodologies for obtaining better bounds on
decision variables and consequently, improving the model performance, will be addressed in
future works.
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