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» Seasonal change of assortments calls for dynamic box assignment planning in log yards.

*  Multi-period planning better suited for dynamic problem, however period per period planning
improves with decreasing capacity on the log yard.

* Rearrangement of assortment amounts to 8—11% of total transportation distance (loaded
travelled distances of transportation vehicle).

»  Considering separate box allocation (storage and ejection), which results in double stage plan-
ning of box allocation, benefits most if 10% additional volume may be cut in to clear the box.

Abstract

The situation on the log yard changes seasonally and also over the years. The quantities of assort-
ments to be stored, their number and also the type of wood can change. To respond to this, we
have developed a dynamic log yard planning model for assigning roundwood to specific ejec-
tion boxes and storage areas in order to minimise the overall transport distances of the loaded
transportation vehicles on the log yard, including any possible re-allocation of assortments. The
study centres on the log yard of a medium-sized hardwood sawmill in Europe, with actual cutting
data from a six-month period. We are comparing a multi-period binary integer program with a
model that operates on a period per period basis and a solution approach that splits the problem
into two subproblems and solves them sequentially. The models undergo testing with decreasing
space capacities at the storage boxes on the log yard and are compared. If capacity is continu-
ously decreasing from 100% to 80%, then period per period planning is on average 13% worse
than multi-period planning. We also investigate how the solutions change when twice as many or
half as many assortments are stored at the log yard. In addition, we study how much the solutions
improve when logs can be removed from the storage boxes to clear them and release them for
other material in the following period.
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1 Introduction

At the investigated European log yard with an annual production capacity of 30 000 cubic meters,
roundwood with different lengths and diameters is delivered and measured. On the sorting line,
the logs are then graded based on their specifications and sorted into ejection boxes. Subsequently,
they are transported to storage boxes. There they are stored until they are processed at the sawing
line, where they also have to be transported. The problem of dynamic box allocation in log yards
is a practical concern. Not only does the volume of the processed roundwood vary with the chang-
ing seasons, but the way in which logging has developed over the years is also apparent at the log
yard. In addition, the sawing practice and the production mix of the sawmill also undergo changes
over time. Therefore, it cannot be assumed that a universally applicable layout exists; rather, the
allocation plan must be adapted through an iterative process. Fig. 1 illustrates how the utilisation of
the ejection box and storage box can vary with diverse demand profiles at the log yard. To achieve
this, a section of the examined log yard (ejection box 10, 12, 14 and 16, storage boxes for 4-metre
long logs 18 and 19 in orange, and green boxes 23 and 24 for 5-metre long logs), presented in
Fig. 2, has been outlined schematically.

Thereby, the previous periods’ respective layout, which refers to the allocation of logs to
ejection and storage boxes, influences the allocation decisions. Thus, the effort of re-allocation at
the log yard also needs to be considered. In this work, a dynamic allocation of assortments to ejec-
tion boxes along the sorting line and to storage boxes on the log yard is considered. At the log yard
investigated in the paper, the material is transported with a rail mounted gantry crane, therefore no
transport paths need to be taken into account. Consequently, the distance from box to box and to
the material feed is calculated with the Euclidean distance and route planning is not the focus of
this work. For the purpose of the paper, the log volumes of the planned periods are taken as given
and no uncertainties are considered. Mathematical models are developed and tested in order to
solve the dynamic allocation problem in log yards for medium-sized problems.

Several authors contribute to the topic of log yard design and logistics with different areas
of investigation and propose applied solution methods. Hampton (1981) developed a log yard
design procedure divided into 6 steps: collecting data of relevant activities and raw materials,
modelling the material flow, working out flow relationship diagrams to identify flow priorities,
determining the space needed for all activities, developing preliminary plans and evaluating these
plans. The operational side of logistics is investigated by Baesler et al. (2002). The authors use a
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Fig. 1. Different box assignments resulting in the re-allocation of boxes in response to a schematically depicted
change in demand profile (ejection boxes in yellow, storage boxes for 4-metre logs in orange and for 5-metre
logs in green).



Silva Fennica vol. 58 no. 1 article id 23032 - Gariner et al. - Dynamic box assignment planning in log yards

generic algorithm to minimise the production cycle in a secondary wood processing plant in Chile
by optimising the number of control variables (polishing machines, sawing machines, fingerjoints
machines, moulding machines and forklift cranes). By increasing the number of forklift cranes in
the production line by four, the average time of the complete production cycle can be reduced by
18 percent. Inventory management in a log yard, especially in the presence of seasonality, is solved
by Silver and Zufferey (2005). Tabu search and simulation are used to minimise the expected cost
of lost sales when there is a known and constant demand rate but random, seasonally changing
lead times. Yujie and Fang (2009) use closeness relationship values in terms of material flow to
establish a good layout for a combined log yard of eight externally located forestry operations.
After dividing the basic elements into operational areas, the required proximity is analysed and
in turn the effective area and material flow patterns are determined. A material flow analysis at
a Canadian lumber yard is studied by Beaudoin et al. (2012). The authors also investigate dif-
ferent loader scheduling and duty allocation strategies with a discrete event simulation. Shaik et
al. (2012) apply a multi-agent-based simulation approach to increase the effectiveness of a log
yard, especially its operations. In their work, they compare three different case scenarios through
multi-agent based simulation with the conventional approach, employing different work order
decisions for log stackers in a Swedish sawmill. In the paper by Rathke et al. (2013) an integrated
approach which simultaneously takes into account log transportation time, storage capacity and
yard crane deployment to reduce the log transport distance within a log yard of a medium-sized
European hardwood sawmill is presented. The aim of this work is to find a better layout for the
log yard by simultaneously allocating ejection and storage boxes. For this purpose, the existing
layout is compared with the solutions obtained by applying an Excel-based heuristic and two opti-
misation models for the storage allocation to the ejection and storage boxes, both in two separate
steps (double stage model, starting with the storage boxes) and simultaneously (partition model).
Unlike existing work in this area, Rathke et al. (2013) use mathematical optimisation models to
generate the solution. Rahman et al. (2014) implement a discrete event simulation to improve a
Swedish log yard and its processes. In this approach, storage bins are effectively rearranged to
minimise log stacking time. Furthermore, storage assignment with seasonal data is examined. To
this end, two different planning samples, a one-month and a three-month planning sample cover-
ing a whole year, are used and compared with the existing layout. Based on the work by Hampton
(1981), Robichaud et al. (2014) investigate the design and evaluate the performance of a log yard
in Quebec using discrete event simulation. The authors model the material flow and develop flow
priorities, evaluating the intermediate plans using the simulation model. For a layout, equipment
combinations are tested for high and low utilisation and arrival rates and measured against the
scheduled time utilisation and total travel distance. Huka and Gronalt (2018) give a good overview
of the different logistical problems that can occur in a log yard. The authors also highlight the
unsolved areas, including the dynamic box assignment problem in log yards. Furthermore, four
case studies and different solution approaches are shown. Trzcianowska et al. (2019a) examined
current log yard practices in the province of Quebec. The results suggest a competitive advantage
through improved log yard practices, optimisation of log yard shape and layout, better coordination
between forest and mill operations, and through improved ground cover. An interesting finding
is that all log yards studied are affected by seasonality. The inventory variation ranges from 18
to 76 percent. The authors report, that log yards surveyed are dealing with the change in timber
volume in different ways. Some report an increase in storage space with a higher inventory and an
increase in machinery and labour. One log yard reports closing during the low season. Log yard
efficiency is studied by Trzcianowska et al. (2019b) using data envelopment analysis. 38 log yards
in Quebec are analysed in terms of efficiency, the relationship between efficiency and operational
conditions, and management strategies. Technical efficiency is evaluated in terms of a complexity
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factor that is influenced by seasonality, size and shape of the log yard and the number and type of
assortments to be handled. An automated log yard with automated storage components is studied
by Pernkopf and Gronalt (2020). The authors use a discrete event simulation model to evaluate
the alignment of different numbers and lengths of these automated storage components. By using
two different lengths of the components, the minimum cost can be achieved for each of the 12
scenarios investigated, with 6768 eligible combinations of automated storage components evalu-
ated. In the most recent publication, Trzcianowska et al. (2021) presents an approach for planning
of log yards considering seasonality by means of discrete event simulation. In a first step, three
periods of log supply are distinguished: the accumulation season, the inventory run down season,
and the equilibrium season. To account for the different seasons, three designs (1, 2, and 3 loader)
are tested using simulation. The authors distinguish between three performance criteria, truck cycle
time, distance travelled, and equipment utilisation rate.

Although some of the papers presented investigate seasonal aspects of the log yard by
simulation, we are not aware of a paper that investigates the optimised changing layout at different
storage levels or product mix. To achieve this, the model of Rathke et al. (2013) is further devel-
oped. In this context, the concept of re-marshaling, which is well known in the field of container
terminals, is very interesting. There, insufficient information regarding initial stacking can result
in the need to reschedule retrieval operations. This occurs when containers are stacked in an order
that is not reflective of the actual retrieval sequence. Automated stacking cranes are capable of
rescheduling operations to move unproductive movements during retrieval operations to periods
when the cranes are not engaged. This is called re-marshaling. There are commonalities in terms
of handling and movement of the individual containers or logs. For this purpose, the objective
function of the model by Rathke et al. (2013) is extended by a re-marshaling component and thus
the optimal storage allocation is ensured at any time, taking into account the restructuring effort.
This re-marshaling component corresponds to the costs of re-allocation and the time needed to real-
locate assortments into different storage boxes. Kim and Bae (1998) present a method to transform
an existing bay layout into a desired layout with as few container movements as possible. They
divide the problem into three parts, the calculation of the desired layout, the movement planning
and the task sequencing, and solve each part with a mathematical model. The re-marshaling prob-
lem with a limited time horizon is studied by Yu and Qi (2013). With the aim of minimising the
waiting time of trucks picking up containers at the port, two correlated approaches are used; the
calculation of optimal block space allocation for container storage and nightly re-marshaling to
reorganise block space allocation. The re-marshaling is solved with a heuristic, and a simulation
model validates the solution procedures. Yi et al. (2018) investigate how the repeated manipula-
tion of containers can be reduced when estimated truck arrival times are available. Algorithms for
planning pre-marshaling operations and determining storage locations for re-handled containers
are presented and compared using simulation studies.

This paper enhances the existing work cited above in that it takes a dynamic approach to
log yard occupancy planning. The mathematical models presented here are based on the work of
Rathke et al. (2013) and are extended by a re-marshalling component and constraints for multi-
periodicity. This allows the costs arising from restructuring to be included in multi-period plan-
ning; costs equivalents can be distances travelled, quantities moved or time required. In this way,
optimal occupancy of the log yard is ensured at all times in the event of seasonal order situations
or changing log distribution.
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2 Material and methods

For this work, we expand on the established model of Rathke et al. (2013) to include periods, the
possible transport of logs between the storage boxes, and all other necessary logical constraints
to adapt it to multi-periodicity. As discussed in the literature review, the objective function is
extended by a re-marshaling component that takes into account the distances travelled at the log
yard for reassigning storage areas. The entire volume of the previous period is reassigned, either
into the same storage box or into a new storage box, taking into account the distances between the
individual storage boxes and the needed number of trips for the reassigned volume. Thereby, all
loaded transport distances are minimised, from the ejection box to the storage box, any possible
distances between reassigned storage boxes with residual material over several periods, and finally
to the material feed of the sawing line.

Fig. 2 shows the layout of the investigated log yard. Along the sorting line there are 18 ejec-
tion boxes (yellow) from which a gantry crane transports the supplied assortments into 42 existing
storage boxes. 23 of these storage boxes are suitable for storing 5-metre long logs (green) and 19
of the boxes are 4 metres wide (orange). The total storage capacity is divided into 40% 4-metre
boxes and 60% S5-metre boxes. The crane subsequently transports the required volume from the
storage boxes to the material feed. It should be noted, however, that the shorter assortments can
also be stored in the 5-metre boxes, but not the other way round. On the log yard, 15 assortments
are manipulated in a planning period of half a year, divided into 13 periods of two weeks. Of these,
eight are 5-metre long and the diameters vary from 16 to 41 centimetres. Fig. 3 shows the total
delivered, stored and consumed volume per period. Of course, the stored volume is always greater
than or equal to the consumed volume. The quantities used are based on the cutting optimisation by
Huka and Gronalt (2017). The estimated distances are measured on an existing log yard. The exact
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Fig. 2. Layout of the log yard with ejection boxes (yellow), along the sorting line, and storage boxes (orange and green),
whereby the orange boxes have a width of 4 metres and the green boxes are suited for 5-metre long logs. To the right
of the sorting line is the material feed (black).
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Fig. 3. Changes in inventory at the investigated log yard per planning period for half a year, total supplied volume
per planning period (green), total stored volume per planning period (blue) and total used volume per planning period
(orange).

distribution of the individual quantities from Fig. 3 can be taken from Fig. 4. Here the respective
distribution of 4- and 5-metre lengths can be seen. Only a quarter of the total amount delivered,
stored and consumed on average in the planning period is of 4 metre length. For the following two
mathematical models several indices, parameter and decision variables are needed.
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Percentage distribution of the total volumes of 4- and 5-metre assortments of supplied material (a), stored mate-

rial (b) and used material (c) per planning period at the log yard.
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Parameters:

C,  Capacity of storage box s

Vi Supplied volume of assortment a in period ¢

N,  Number of trips per unit volume per assortment a, depending on the diameter of the
assortment, its length and capacity of the transportation vehicle (independent of the
period)

Distance from storage box s to the material feed

Distance from ejection box e to storage box s

Distance from storage box s to storage box s’

Used volume of assortment ¢ in period ¢

Length of storage box s, 1 if box is of 5-metre length, 0 otherwise

Length of assortment a, 1 if assortment is 5-metre long, 0 otherwise

Percentage of the maximum additional volume that may be transported to material
feed per period, in addition to the volume required for cutting in that period

SRS

©

oS

Variables:

Vaer 1 if assortment a is assigned to ejection box e in period ¢, 0 otherwise

wase 1 if assortment a is assigned to storage box s in period z, 0 otherwise

Vaes: INew volume of assortment « in ejection box e and storage box s in period ¢

fast  New volume a in storage box s in period ¢

quse Volume of assortment a in storage box s in period ¢

uqe  Used volume of assortment a from storage box s in period ¢

Mmgss: Volume of assortment a transported from storage box s to storage box s’ in period ¢
d,  Additional volume of assortment a transported in period ¢

Table 1 shows the minimum, maximum and average value of the number of trips per assort-
ment and the different distances between ejection box, storage box and material feed. The values
for the parameter Na are averages over both lengths of assortments, but as expected, 4 metre long
assortments require on average 2.6 fewer trips than longer assortments.

The total available capacity of the investigated log yard is 28 506 cubic metres, divided into
40 and 60% for 4 and 5-metre storage boxes respectively.

Table 1. Minimum, maximum and average of the parameter
values for the number of trips and distances in metres.

Parameter Min Max Average
N, 7.71 12.53 9.69
Dy 45.70 250.38 149.60
Dy 4.38 200.58 76.85
Dy 1.50 200.03 76.65
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2.1 Optimisation model

The dynamic box assignment problem is formulated below as a binary integer model. The follow-
ing notation is used to specify the mathematical model:

min z z z Z Ng X Dgg X Vgesr + Z z z NgxDg Xtigg + Z z Z Ny X Dy X Mgyt (1)

acAeekE seSteT acAseSteT acAs,s’eSteT

> > Vaest =Var Yae A,teT (2)

eck seS§

Qas't = Z Mgss't + Z Vaes't —Uast Vae A, s'€S,teT 3
seS ecE

> Masst = qast-1 Yae A, s€S,teT|t>0 (4

s'eS

> Migger < max {Vart' +Uaf,'} XWut Vae A, s€S,teT %)

ses aedt’el

> qast <Cs VseS,teT (6)

acA

S Lyxwuy <CygxBg VseS,teT @)

acA

UatSZMaS,£U0,+da, VaeA,tET (8)
sesS

dy <PxUy Yac A, teT )

Ugst £ D Mgsst + Y. Vaess Yae A, s€S,teT|t>0 10)
seS eckE

> Vaer <1 VeeE, teT an

acA

> Ve =1 VYae A, teT |V, >0 12)

eckE

> Way <1 VseS,teT 13)

acA

Gast < max {Vyr +Uqy}xWay Vae A, seS,teT 14)
a'eA,t’eT

gy < max {Vor +Uqy X Way Vae A, seS,teT 15)
a'eA,t’'eT
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Y Vaesr € max {Vyr +Uqgy }X Voo Ya€ A, ecE, teT (16)
seS a'eA,t’eT
Y Vaesr < max (Vo +Uqgy}xway Vacd,seS,teT (17)
ecE a'eA,t’eT
yaete{O,l} Yae A,ecE, teT (18)
waste{O,l} VYacA,seS, teT (19)

Objective function Eg. 1 minimises the total transportation distance. On the one hand, this
is the volume transported between the ejection box and the storage box; on the other hand, it is
the quantity delivered to the material feed and possible reassignment quantities multiplied by the
distance and the number of trips required, depending on the volume, length and capacity of the
means of transport. The first constraints Eq. 2 ensure that the entire supplied volume of assortment
a in period ¢ is stored somewhere on the log yard. Constraints Eq. 3 compute the volume for each
assortment a stored in box s in period ¢. This is the amount transported from storage box s to stor-
age box s' remaining from the previous period, plus the volume supplied to the log yard, minus the
quantity consumed during this period. The following constraints Eq. 4 state that, in every period ¢,
for each assortment @ and storage box s, the remaining volume from the previous period must either
be reassigned to another storage box or kept in the same one to ensure that no volume is lost. In
addition, the next constraints Eq. 5 guarantee the correct allocation of the quantity of assortment a
in storage box s'in period ¢ for the subsequent period. The upper limit on the right-hand side of the
constraints ensures that the volume transferred to the storage box, upon assignment of the assort-
ment, does not surpass the total of the largest amounts delivered and consumed. The same upper
bound is also employed in constraint Eqs. 14—17. The following two restrictions Eq. 6 and Eq. 7
provide that storage capacity is not surpassed. The capacity of each storage box s in each period ¢
is limited by the constraints Eq. 6. Furthermore, constraints Eq. 7 ensure that 5-metre assortments
are only assigned to 5-metre storage boxes and, in contrast, 4-metre assortments, which can also
be stored in larger storage boxes for 5-metre logs. Constraints Eq. 8 state that the entire required
volume of an assortment a in period # is sourced from the possible storage boxes s. Additionally,
more volume can removed from the box to free it up for the next period. Constraints Eq. 9 restrict
the total amount of extra volume per period. The volume of assortment a that can be transported
to the material feed in period ¢ is limited by the quantity of material available in storage box s, as
outlined in constraints Eq. 10. The subsequent two constraints Eq. 11 and Eq. 12 ensure the accurate
assignment of each assortment a to an ejection box e per period ¢. The constraints Eq. 11 limit the
assignment for each ejection box to a maximum of one per period, while the constraints Eq. 12
assign each assortment to exactly one ejection box per period if new volume is added during that
period. Constraints Eq. 13 enforce that each storage box s per period # may only be used for one
assortment at a time. The following four constraints Eqs. 14—17 establish a connection between the
volume of assortment stored and consumed and the chosen assignment. These constraints govern
the filling of all assortments a in storage boxes s and ejection boxes e in period ¢. Filling and the
volume used must not exceed the maximum assortment volume per period if the assortment is
assigned to the corresponding box. Restrictions Eq. 18 and Eq. 19 define the binary variables. Since
the issue of allocating ejection and storage boxes simultaneously proves challenging to solve, the
double stage model is introduced in the following section.
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2.2 Double stage model

Based on the double stage model presented in the paper Rathke et al. (2013), where storage boxes
are assigned first, and ejection boxes are chosen in a second subsequent step, the model is extended
to multiple periods for dynamic assignment. This approach was chosen because the problem is
easier to solve when it is split into two subproblems. In addition, the computation time is less with
the double stage model.

2.2.1 Stage one

As with 315 the model described above, the allocation to storage boxes is made in stage one of the
double stage model. The difference to the optimisation model Eq. 1 with constraints Eqs. 2—19 is
that in step one, no ejection boxes are considered. The objective function Eq. 20 consists of the
last two parts of the objective function of the overall optimisation problem Eq. 1. The distance
travelled from the storage box to the material feed as well as any re-allocation distances are mini-
mised. For the assignment, volume and capacities are taken into account. In addition, the volume
from the previous period is reassigned if necessary, see constraints Eqs. 22—24, and the lengths of
the assortments and boxes are considered, see constraints Eq. 26.

min ), Y Y NgxXDsXugg+ D, D D Ny x Dy X Mgy (20)
acAseSteT acAs,s’eStel

> fast =Vau VYac AteT 21

seS

Gas't = z Mggs't + fas't —Ugyy Vac A, s’€eS,teT (22)
seS

> Masst =qasi-1 Yae A, s€S,teT|t>0 (23)

s'eS

Y Mgy < max {Vyr +Ugp}xwaey Yae A, s€S,1eT (24)

seS a'eA,t’eT

> qast <Cs VseS,teT (25)

acA

> LyxWay <CsxBg VseS,teT (26)

acA

Uy £ Dty SUgy+dy Yac A, teT 27)
seS

dy <PxUy Yac A, teT (28)

Ugst £ O Mgt + 2, Vaesy Ya€ A4, s€S,1eT|t>0 (29)
seS ecE

10
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> Way <1 VseS,teT (30)

acA

Gast < max {Va','+Uar,r}><waS, VacA,se€S,teT 31
a’eA,t’eT

Ugsr < max {Vyy +Ugp}xway Vae A, seS, teT (32)
a'eA,t’eT

Sfast £ max {Vg',' +Ua,[,} XWu Vae A, s5€8,teT (33)
a'eA,t’eT

waste{O,l} VYacA,s€S,teT (34)

2.2.2 Stage two

The objective of the second stage of the double stage model Eq. 35 is to minimise the distance
between the ejection box and the storage box. As in the optimisation model, the constraints
Eqgs. 3640 ensure that assortments are uniquely assigned to ejection boxes and that no volume is
lost between ejection box and storage box.

min z z z Z Ny X Deg X Vest (35)

acAeekE seSteT

Zvaestzfast VGGA,SES,IET (36)
ecE

Zyaetél VecE,teT (37)
acA

Zyaet=1 VaeA,teT|Va,>0 (38)
ecE

z Vaest < Max {Va't' + Ug’t’} X Vgt Vae A,ecE, teT (39)
seS a’edt’eT

yanE{O,l} VacA,ecE, teT (40)

2.3 Period per period model

In the period per period approach, the optimisation model Eq. 1 described above is solved for each
period separately under the constraints Eqs. 2—19. The new model differs only in the indices of
the decision variables. These are not dependent on the period here. For the correct transfer of the
stored quantities in the respective storage boxes after each optimisation, this value is saved and
transferred as the initial situation in the next period. These quantities can be re-allocated into new
storage boxes as needed. Now that the models used have been described, we test and validate them
with a detailed numerical study.

11
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3 Numerical experiments and results

At the investigated log yard, the raw material is divided into 15 assortments. These are sorted
according to log length and diameter along the sorting line into 18 ejection boxes and then stored
in 42 storage boxes until processing in the sawmill. As mentioned above, there are seven assort-
ments with a length of 4 metres and eight assortments with a length of 5 metres. For storage, there
are 19 storage boxes with a width of 4 metres, which corresponds to 40% of the total capacity at
the log yard. Over the planning period under consideration, the stored quantity is distributed on
average between 24% of the 4-metre assortments and 76% of the 5-metre assortments. The plan-
ning horizon is half a year with a period length of 2 weeks.

The data used and especially the volumes for used logs correspond to the data and opti-
misation result from the study by Huka and Gronalt (2017). Here, the objective is to maximise
the contribution margin of a sawmill (net revenue minus production costs, purchasing costs for
roundwood, inventory costs for raw material and products, and backorder costs for products where
demand is not met in time) with available roundwood, a fixed demand and numerous cutting pat-
terns. Since no uncertainties are considered in this paper, the stored roundwood volume per period
is known in advance, as delivery and consumption are known. However, these data are based on
optimisation results of the cutting planning and historical and real roundwood delivery data. Note
that the computations are conducted on an Intel Core 17-5820K computer with 64GB RAM using
FICO Xpress for the optimisation. Nevertheless, the standard settings of Xpress 8.6 have been tuned
for the multi-period optimisation (Heursearchrootcutfreq = 2, Heursearchrootselect = 3, Cutfactor
= 5) and double stage model (Heursearcheffort = 0.5, Symmetry = 0, Heursearchrootselect = 3).
We have agreed to accept solutions with a maximum of 6% deviation from lower bound and best
solution due to computation time. For the period per period model, however, the default settings
were not changed and a gap of 0% is used, since the computing times are negligible.

In a first step, the multi-period optimisation model presented above is compared with the
double stage model, see Table 2. In addition, the problem is solved with period per period plan-
ning and compared with the two other solutions. In the initial situation, there is 2.5 times as much
storage volume as the maximum required per period. Starting from this given actual situation, the
existing capacity is iteratively reduced by 10%. On the one hand, this can simulate a higher fill-
ing level, e.g. after wind throw, or a higher stock build-up in the log yard. On the other hand, this
capacity reduction can be attributed to a lower stacking height at the log yard.

If the capacity is reduced to 40% of the original capacity or even lower, which corresponds
to a ratio of capacity to total volume, at the highest volume per period, of 0.998, clearly no solution
can be found. Although with a reduced capacity of 50% the ratio is 1.25 and the total volume per
period is always smaller than the available capacity, no solution can be found in this case either. The
reason for this is that the volume of the 5-metre assortments exceeds the capacity of the 5-metre
storage boxes. This would not be the case if the capacity of the 4-metre storage boxes is too small,
as these assortments can also be stored in the larger boxes. If the capacity of the storage boxes is
reduced to 60%, the ratio of available to maximum required storage space is 1.50. Theoretically,
the storage space available for the 5-metre-long assortments is also sufficient, the ratio being 1.07
times that required. However, no solution can be found for this situation. If the available storage
space is increased by 10% each, the factor increases by 0.25 each time.

Table 2 shows that the double stage model generates 7% to 12% higher transport distances
than the multi-period optimisation model, depending on the available storage capacity. As expected,
period per period planning is the worst suited to the problem with sufficient capacity. However, the
less capacity there is in the storage boxes at the log yard, the better the results. The solutions are
15% to 11% worse than the optimal solution. Compared to the double stage solution, where the
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Table 2. Comparison of transportation distances between the dynamic log
yard box assignment problem multi-period optimisation model solution and
those derived from the double stage model and period per period optimisa-
tion, while also considering capacity variations at the log yard.

Available Multi-period Double stage Period per period
capacity metre metre % metre %
100% 53203087 57105387 7 61048908 15
90% 54306150 59368512 9 61867595 14
80% 55315550 62079198 12 61195460 11
70% - 62887167 - 63412692 -
60% infeasible

transport distances from ejection box to storage box are 100% higher on average than the multi-
period optimal solution and increase with decreasing capacity, these distances are 15% lower on
average in the period per period solution. Table 4 provides detailed information on this matter. As
capacity becomes scarcer, the transportation distances to the material feed increase by an average
of 17% when calculated with the period per period model. Nonetheless, these distances progres-
sively decrease from 22% to 10% as storage capacity is diminished. However, when the log yard
operates at 70% capacity, the period per period model incurs re-allocation distances that are 50%
higher in comparison to the optimum of the multi-period model at the same capacity. The values for
each objective function component are provided as supplementary information, since Table 2 only
presents the overall values for the objective function across all models. The detailed breakdown of
individual components is presented below. For the multi-period planning model, no integer solu-
tion could be found after 14 days of computing in the case of 70% of available storage capacity. It
takes the double stage model a little over 2 days to reach a solution in this case, see Table 3. The
other solutions can be found within a maximum of 7 hours. The computing times of the individual
runs can be taken from the Table 3.

Table 3. Computation time, in seconds, for multi-period, double
stage and period per period planning for the dynamic box assignment
problem with reduced available capacity at the log yard.

Available Multi-period Double stage Period per period
capacity sec sec sec
100% 5662 105 26
90% 2828 5199 22
80% 2086 27713 41
70% - 195994 35
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Table 4. Average distribution of distances over the three parts of the objective function,
transport distances of delivered material from ejection box to storage box, transport dis-
tances of used material to the feeder and reallocation distances, over available storage
box capacities 100% to 70% and 60% respectively.

Objective function Multi-period Double stage Period per period
Ejection box to storage box 12% 22% 9%
Material feed 78% 71% 80%
Re-allocation 10% 8% 11%

Table 4 shows the distribution of distances among the individual factors of the objective
function. Since the variance for the different capacities is not very large (maximum 3% for multi-
period planning, 4% for the double stage model and 3% for period per period planning), the aver-
age values are shown.

With the double stage planning results, it is easy to see that in the first step the distances
from ejection box to the storage boxes are not taken into account, therefore they are almost twice
as high compared to the multi-period optimisation. However, in comparison, lower distances of
transportation to the material feed can be achieved in the first planning step. The period per period
planning generates lower distances of transport from ejection box to storage box, but higher dis-
tances to the material feed. However, the re-allocation distances are not much higher than with the
two multi-period planning approaches.

The study also considers the number of delivered and consumed assortments per period, i.e.
the number of assortments in stock. The current state involves a minimum of three and a maxi-
mum of nine different assortments being delivered per period. In a planning period of two weeks,
a minimum of two and a maximum of eight different assortments are consumed. It is investigated
how the solution changes if the assortments are divided into twice as many or half as many assort-
ments per period. This can be explained on the one hand by a refined sorting logic and on the other
hand by an extension of the assortments or an additional type of wood. In Table 5 the influence of
the number of assortments on the solution of the assignment planning on the log yard can be seen.

Table 5 shows the alteration of the solution with a changed number of assortments com-
pared to the respective solution of the initial situation. Doubling the number of assortments has the
least impact on period per period planning. In this situation, the period per period planning even
achieves a better solution than the double stage model, even though the re-allocation distances
in particular increase by almost 40%. For the two multi-period solutions, the transport distances
increase by about 15% to 60560513 metre and 66 156 867 metre respectively. This is due to the
fact that the distances from the ejection box to the storage box and from there to the material feed
have increased. Rearrangement distances even decrease with both solution approaches. Dividing

Table 5. Comparison of the covered distance solution of the dynamic box assignment
planning in log yards of the multi-period optimisation model with the double stage
model and period per period planning, in which the volume per period remains constant
but the number of assortments per period is either doubled or halved.

# Assortments Multi-period Double stage Period per period

metre % metre % metre %
x2 60560513 14 66256867 16 65868598 8
x1 53203087 0 57105387 0 61048908 0
x1/2 48407990 -9 51362746 -10 55840717 -9
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Table 6. Percentage change in results of covered distance for the dynamic box as-
signment problem in log yards if 10% volume is allowed to be taken from the storage
boxes in addition to the demanded quantity used at the saw.

Available Multi-period Double stage Period per period
capacity metre % metre % metre %
100% 53132715  -0.13 56432380 -1.18 60986796  —0.10
90% 54127494  -0.33 58741336  —1.06 61811628 —-0.09
80% 55174836  —0.25 60271310 291 - -
70% 56614306 - 62514704  -0.59 - -

the number of assortments in half leads to approximately 9% less transport distances for all three
solution methods. In this case, the transport distance to the material feed and any re-allocation
distances decrease with all three models. For the multi-period and period per period optimisa-
tion model, however, the transport distances between the ejection box and storage box increase.
The allocation to the three factors of the objective function is relatively unchanged with different
numbers of assortments, and deviates from the average values from Table 4 by a maximum of 3%
for all models examined. In the following analysis shown in Table 6, a storage box can be cleared
in spite of the required cutting volume because it is allowed to deliver up to 10% more volume
per assortment and period to the material feeder. In the models studied, the excess quantity is not
deducted from the quantity demanded in the next period; such additional quantity can be considered
as a production buffer. This method of emptying a box aims to prevent needless re-allocation of
small residual quantities in order to obtain a well-placed, previously occupied box.

The additional material removal to clear a box has only a small impact on the transport
distances, see Table 6. Here, we compare the solution without the additional allowed amount and
different capacity levels with the solution obtained when up to an additional 10% volume may
be removed. The transport distances are reduced by a maximum of not quite 3% by this measure.
The distribution of the individual factors of the objective function is the same for the multi-period
model with additional 10% as shown in Table 4. The two other models deviate from the values
shown above by a maximum of 1%. It should be mentioned that over the planning horizon of 13
weeks, a total of between 42 and 49 solid cubic metres are additionally consumed, depending on
the available storage capacity. The maximum volume per period and assortment is four solid cubic
metres. In total, a maximum of 10 solid cubic metres more are consumed per period, with 200
solid cubic metres being sawn per half hour. Furthermore, it is ensured that sufficient raw material
is available to supply the saw in the further course of planning. However, since period per period
planning does not guarantee this by not planning for the future and focusing on one single period at
a time, it is not suitable for this analysis. When the storage capacity is reduced to 80%, additional
material is supplied to the material feed, which is lacking in the following period. Thus, one-period
planning cannot be solved in this case.

4 Discussion

Many log yards do not have a standard layout. These have naturally grown with time and their
requirements. This often leads, at least in Europe, to non-contiguous storage areas or reserve areas
for lesser rotated logs. Some log yards are located along a river or public road, others are part of a
larger wood processing company and share storage space with other products. It is precisely in such
environments that dynamic box assignment planning in log yards can lead to considerable savings.
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Multi-period planning can save more than 13% compared to planning per period, which in itself
is an improvement over the status quo. When using the dynamic box assignment planning models
in log yards, it is known at any time, where which diameters and lengths are stored. These data is
supported by GPS guided log yard logistics, which is another advantage of the application. In this
paper, we have assumed known stock quantities and cutting volumes. For the actual application in
the sawmill, one can assume the contracted log purchase volumes on the one hand and the sawn
timber delivery liabilities (and the log volumes defined for this by default by the cutting patterns
used) on the other hand. The quantities and general composition of roundwood in a log yard change
not only seasonally, but also over time. In addition, the model can be fed continuously with the
updated data at the roundwood yard. This information is to be taken out of an ERP (Enterprise
Resource Planning) system in use. Close cooperation between purchasing, yard management and
the sales department also makes it possible to estimate the required quantities of delivered and
consumed roundwood even better, which leads to a better result at the log yard. Due to cutting rates,
the storage allocation must also adapt so that the layout remains optimal. In this way, the required
overall transport distances can be kept to a minimum and unnecessary kilometres, resulting in fuel
or energy consumption and consequently spent time, can be avoided. The costs for the means of
transport used can either be evaluated with the current electricity or fuel costs, or only with the
distance travelled. Thus, we have developed an exact model to solve the dynamic box assignment
problem in log yards. This builds on the work of Rathke et al. (2013), which was extended by
periods and a re-marshalling factor. To tackle the dynamic box assignment problem in log yards,
we compare a multi-period model with a double stage approach and a period per period model. In
the double stage approach, the problem is divided into distinct subproblems. First, the allocation of
assortments to storage boxes and in a second step, the allocation of ejection boxes to storage boxes
is solved. Not surprisingly, the multi-period model gives superior outcomes. However, when dealing
with storage boxes with less capacity, it is unable to find a solution within a reasonable computa-
tional time. If the available capacity at the log yard is reduced by 30%, no solution will be found
in the given calculation time. In comparison, the double stage model deteriorates from 7% to 12%
when the log yard capacity decreases from 100% to 80%. The computation time, however, extends
from roughly 2 minutes to over 2 days. The period per period model, on the other hand, improves
as capacity decreases, resulting in 15% to 11% worse results than the multi-period model. At first,
this seems surprising, but closer examination of the results provides an explanation. In contrast
to the multi-period planning, where the transport distances to the material feed increase with less
available capacity, in the period per period model the distances decrease. This part of the objective
function accounts for approximately 78% and 80% of the total distances. Thus, the improvement
in the performance of the period per period model compared to the multi-period model is evident.
The calculation time for each instance takes a few seconds. However, on average, it is 13% worse
than multi-period planning. At 70% available capacity, period per period planning is 0.84% worse
than the double stage model. In multi-period and period per period planning, the individual factors
are distributed approximately equally. 10% are re-allocation distances, about 80% are transport
movements between storage box and material feed and the remaining 10% of the objective func-
tion are transport distances from the ejection box to the storage box. If we divide the problem into
two parts and first minimise the distances between the storage box and the material feed, the result
are lowertransport distances of about 70%. The re-allocation distances are similar to the other two
models, at around 8%. For the case where only half as many assortments are stored on the log
yard, all models perform about 9 to 10% better than in the original test configuration. However,
when there are twice as many assortments, the period per period planning is outperformed by the
multi-period and double stage models, which achieve 14% and 16% better results, respectively.
When 10% more volume is allowed to be removed from a storage box than is required to clear a
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box, results improve for all models studied. The highest improvement of about 2.9% is obtained
at 80% of capacity with the double stage model. For this situation, however, no solution can be
found with the period per period model, since it plans too myopic. In general, it would make sense
to use the dynamic box assignment planning model in log yards at least every quarter or when
there is a major change in procurement quantities. Through regular application, the log transport
costs can be saved on a continuous basis. The storage capacities available at the log yard must be
determined precisely in advance. In order to accurately model the conditions, all distances have
to be measured, the dimensions of the storage boxes have to be determined, and the maximum
stacking height has to be set. Furthermore, the maximum quantity that a transport gripper can load
must be determined, and thus the required number of trips per assortment calculated. In addition,
the management of the log yard must agree upon a practical and feasible handling of the storage
principle (last in first out, first in first out). As the model presented is based in crane movements, the
same models can be used for log yards with stackers. To reflect reality, distances must be measured
against the routes and reconciled with the log yard management.

5 Conclusion and further work

The models presented here have been sufficiently tested for their applicability. In a next step,
the models are to be calculated using different or expanded data sets. As a result, not only do the
number, quantity and distribution of assortments change, but also the overall layout of the log yard.
The storage areas do not have to be contiguous, and several material feeds can exist. The chosen
means of transport in the log yard is also irrelevant for the mathematical model. The distances
between the individual boxes (ejection and storage box) and the material supply must be known.
The distances can be calculated along the existing routes or Euclidean. In addition, stronger seasonal
amplitudes and assortment changes are analysed in a further step. Another extension of the existing
model is to investigate how to deal with the additional amount of logs that can be taken out of a
storage box to empty it for cutting. In this paper, it is assumed that this will not lead to a reduction
in the amount of cutting required in the future, but will serve as a production buffer. Moreover,
the presented models can be adapted for other log yards in the wood-based panel industry. Here,
it is only necessary to differentiate between the various stored assortments and their requirements
for the storage area. In a next step, we will develop problem specific matheuristics and compare
them with the optimal solutions found. Thus, we hope to find relatively good solutions in relatively
short computation time.
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