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Abstract 
The handling and utilization of products is an important factor in 
organization that strive towards and optimal operation, where different 
methods in the handling of products have a direct effect on the organizations 
results. This is a case study where a sawmill with a process that is repeated 
for each new order in the sorting- and packaging of timber. For each 
scenario, an operator is faced with a decision, where the result of the 
organization is directly affected by the decision that is made. 
The decision in question consist of an amount of trays of timber that must 
be combined in order to meet a constraint in the height of each delivered 
package. The purpose with this study is to investigate how optimization 
combined with process mapping can help the organization in maximizing its 
utilization of products. The study was performed with a mixed methods 
approach, where a process map was developed to gain understanding of the 
process. An optimization model was developed and run given collected data. 
In the process mapping it became clear that for each combination of trays, 
there is a downgrading in length and/or quality, which affects the total value 
of the combination. A comparison of the results between the optimization 
models’ and operators’ solutions showed a theoretical saving of 3 655 435 
kr annually, and an increase in product utilization of 3,81 percentage in this 
process. The results of the study shows that optimization combined with 
process mapping is effective in the terms of minimizing costs dependent on 
a decision maker. 
 
Keywords: Optimization, LINGO, Sorting, Combination, Process Mapping. 
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1 Introduction 

1.1 Background 

In modern sawmills, timber is cut into planks and boards, which are later 
sorted based on quality aspects such as length, crookedness, tapering, 
amount of twigs, size of the twigs, density, rot, discoloration and other 
aspects. The sorting process is complex because of all aspects that are 
needed to be taken into consideration. In modern sawmills, the sorting 
process is done automatically using an optimization program. The 
optimization program evaluates each plank and board individually and 
labels it with a quality-code and length based on the previously mentioned 
aspects, where the utilization of the product is maximized. (Save, 2018) 

After the sorting process has been performed for each plank or board, the 
product is placed in a tray based on the assigned quality-code and length 
together with other products that share the same classifications. This 
process is done continuously and the trays are slowly filled as more products 
enter the sorting process. (Save, 2018) 

When the tray reaches a fill rate of 100 percent, the next step in the process 
is to stack the planks into a full package with a certain height, width and 
length. After the planks have been stacked, they are covered with a 
protective hood and secured using a strapping machine. After this process 
has been completed, the packages are ready for delivery. Each package has a 
specification with one assigned quality-code and one assigned length for all 
planks in one package. (Save, 2018) 

Sawmills offer their customers planks and boards in many different 
dimensions in order to meet their requests. When a log is cut into different 
dimensions, the planks are placed in different orders. This is done because 
the sorting process can only deal with one dimension at a time. When an 
order ends, the trays will no longer be receiving new products. This means 
that the trays can end up having a fill rate between zero percent and one 
hundred percent. This is the root to the research problem. (Save, 2018) 

In order to strap the packages, they need to have a certain height due to 
limitations in the strapping machines capacity. All strapped packages must 
exceed a limit of 30 percent fill rate. It is not uncommon that when an order 
is completed, some packages are below that limit when stacked. In order to 
overcome this problem, the operator must combine trays of timber into a 
larger package, and reach a higher fill rate, where the lower limit of 30 
percent in fill rate is exceeded. (Save, 2018) 
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However, this process comes with some disadvantages. One package of 
stacked planks can only have one assigned quality and one assigned length. 
This means that if two or more trays are combined, the entire combination 
need to assume the lowest quality and lowest length. This results in a cost 
that is dependent on the decision of the operator and which combinations 
they choose. (Save, 2018) 

Even though the operator (sawmill employee) has all the data that is needed 
to make an optimal decision, the mathematical process is complex and the 
optimal solution might not be used. This results in a cost that is larger than 
necessary. Thus, each new order usually leads to an undesired and 
unnecessarily high cost. (Save, 2018) 

Therefore, this study focuses on developing a decision base that suggests the 
optimal combination of trays in order to keep the losses as low as possible. 

1.2 Aim and Objectives 

The aim of this study is to develop a model that is to assist the operators in 
sawmills in the process of combining trays of timber at the end of an order. 
This will hopefully lead to an increase in the utilization of the sawmills’ 
available assets, and as a result, minimizing the costs at this specific process. 

In order to develop the model, the independent variables that affects the 
dependent variable, also known as the target variable, must be identified. 
The different constraints of the problem must also be identified and 
formulated mathematically in order to find a realistic solution for the 
research problem. 

The main research question (MRQ) that is to be answered in this study is: 

MRQ: “How can costs be minimized in modern sawmills in the process of 
combining trays of timber at the end of each order?” 

The whole study is focused around the main research question, and the 
study is considered to be complete when the main research question can be 
answered. 

In order to answer the main research question, three sub-questions (SQ) 
have been formulated. 

SQ1: “What limitations are there in the process of combining trays of 
timber?” 

SQ2: “What parameters impacts the target variable?” 

SQ3: “How does the results of the organization compare to an optimal 
result?”  
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1.3 Limitations of the Study 

The limitations of this study are to analyze the process of combining trays of 
timber at the end of each order in modern sawmills. This study will only use 
data collected from SCA Timber Tunadal sawmill, where the constraints of 
the process might differ from other sawmills, even though they will most 
certainly be very similar, if not identical, to any other modern sawmill. 

The study will be limited to a time period of twenty weeks. If given more 
time, more data could have been collected, resulting in a stronger validity of 
the study. 

In order to run the model in real time, the number of combinations must be 
limited as these kinds of modelling problems can take a rather long time to 
find an optimal solution for. This means that the optimization model will 
only be able to place three trays into one combination. This is done to reduce 
the time needed for identifying an optimal solution. 

The model will generate general solution where any kind of exception will 
not be included and the constraints of the model may under no 
circumstances be violated. 

1.4 Problem Formulation 

In the current state of SCA Timber Tunadal sawmill, there is an identified 
cost dependent on a decision maker that occurs when trays of timber are 
combined in order to meet the minimum requirements of fill rate. 

Today, this cost is not controlled and the utilization of the products stored in 
the trays is dependent on a decision maker in the form of an operator. The 
amount of possible combinations are many, and the fact that each 
combination results in a new total length and a new assigned quality does 
not simplify the situation. To calculate which combinations that lead to an 
optimal utilization is not easy, which can lead to a situation where the 
optimal combinations are not used. The result of this is that the sawmill ends 
up having larger costs than necessary. This is why the aim of this study is to 
investigate if and how these costs can be minimized.
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2 Literature Review 
In chapter 2.1 – 2.7, the literature review for this study will be presented, which 

will be used as a foundation for the study. 

2.1 Logistics 

Logistics can be described as the art of planning and handling the flow of 
products. Logistics was, in the beginning, a term within the military for the 
handling of its materiel and have since the 1960s had a big impact on most 
business activities. Logistics management is growing in relevance and is 
considered to be more of a strategic issue rather than only being the internal 
handling of goods. The resources managed in logistics does not only include 
goods such as food, materials or equipment but also information and time. 
The term logistics have recently been expanded to handling everything from 
cost savings to a competitive service. (Sandberg, 2015) 

2.2 Optimization 

Optimization is a part of the applied mathematics that, using mathematical 
methods, search for optimal solutions to problems. Optimization is often 
implemented where economic or technical decision points where the best 
solution is desired. (Lundgren et al., 2008) 

2.2.1 Optimization process 

In order to solve a real problem using optimization models, there is a general 
method that contains certain stages. This method is called the optimization 
process and is illustrated accordingly to figure 2.1. 

Figure 2.1. Schematic image of the optimization process (Lundgren et al., 
2008) 
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The Real problem represents the problem formulation that is to be analyzed. 
The clouded figure indicates the complexity of this stage, as there often is 
factors that for certain reasons cannot or will not include into an 
optimization model for different reasons. This leads to a simplification of the 
problem that is to be solved. (Lundgren et al., 2008) 

The Simplified problem is described after limitations and simplifications 
from the real problem have been formulated. The Simplified problem is later 
described and formulated mathematically as an Optimization model in terms 
of variables, a goal function and constraints. (Lundgren et al., 2008) 

In the next step, the Optimization model is run in order to find the optimal 
solution. This is often performed with help from computer programs. The 
Solution given from the Optimization model is evaluated and used as support 
for a decision. In this step, it is important to evaluate the Solution of the 
model and ensure that the solution given by the Optimization model is 
correct and as close to the Real problem as possible. (Lundgren et al., 2008) 

After that stage has been performed and the solution is accepted, the Result 
from the optimization process has been obtained. (Lundgren et al., 2008) 

2.2.2 Linear Programming 

If the target function and all constraints are continuous linear functions with 
respect to the variables, the problem is a linear programming problem (LP-
problem). (Lundgren et al., 2008) 

An LP-problem can generally be described in general form in the following 
way: 

min    𝑧 =∑𝑐𝑗𝑥𝑗

𝑛

𝑗=1

 

where     𝑧 = ∑𝑎𝑖𝑗𝑥𝑗  ≤  𝑏𝑖, 𝑖 = 1, … ,𝑚

𝑛

𝑗=1

 

                                       𝑥𝑗 ≥  0,           𝑗 = 1, … , 𝑛 

In this example, z is the target function that is to be minimized. 𝑐𝑗  is the cost 

for every added variable 𝑥𝑗 . 

∑ 𝑎𝑖𝑗𝑥𝑗
𝑛
𝑗=1 ≤ 𝑏𝑖 is an example of a constraint where 𝑎𝑖𝑗 is a constraint-

coefficient for variable 𝑥𝑗 . This constraint means that the summation cannot 

exceed the variable 𝑏𝑖, where i is the multitude 1 to m. 

𝑥𝑗 ≥  0,        𝑗 = 1,… , 𝑛 is another constraint that forces 𝑥𝑗  to be greater or 

equal to zero for the multitude j. (Lundgren et al., 2008) 
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An LP-problem is explained with the following example: 

A store sells two different types of book shelves. One of the products (𝑥1) 
generates a win of $4 for each product (𝑥1) sold. The other product (𝑥2) 
generates a win of $2 for each product (𝑥2) sold. 

It takes 4 minutes to shape 𝑥1 and 2 minutes to shape (𝑥2) with only 200 
minutes at disposal, and it takes two minutes for each product to sand and 
oil with only 150 minutes at disposal. The goal is to maximize the profit for 
the store. 

The target function is and constraints are formulated as following: 

max 𝑧 = 4 𝑥1 + 2 𝑥2 
4 𝑥1 + 2 𝑥2 ≤ 200 
2 𝑥1 + 2 𝑥2 ≤ 150 

The constraints can be illustrated using linear functions, see figure 2.2. The 
constraints are illustrated and the result is a feasible region where the 
solution to the problem lies. 

Figure 2.2. Illustration of constraints and feasible region. 

Since all functions are linear and they are either convex or concave, the LP-
problem is, disregarding of it is a minimization or maximization problem, 
convex. 

This feature leads to that each local optimum is also a global optimum which 
leads to the LP fundamental theorem “Assume that the feasible region X to a 
LP-problem is limited and non-empty, meaning that there exists a limited 
optimal solution to the LP-problem.  (Lundgren et al., 2008) 

The fundamental theorem states that the maxima and minima of a linear 
function over a convex polygonal region occur at the region’s corners. 
(Lundgren et al., 2008) 
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2.2.3 Integer Programming 

There are many problems that only can be described using models that 
include integer variables. This area of optimization is called Integer 
Programming. An integer problem is a problem where one or more variables 
only can assume integer values. However, it would be more correct to say 
that the variables are discrete variables, meaning that they only can assume 
discrete values. (Lundgren et al., 2008) 

If at least one of the variables in subset of variables is defined as a discrete 
variable, the problem is called an integer programming problem. One 
version of integer programming problems is when a binary variable only can 
assume the value 0 or 1. This version of integer programming can be 
implemented when calculating solutions of different packing problems. The 
other version of integer programming problems is when the variable can 
assume any integer number. (Lundgren et al., 2008) 

2.2.4 Branch and Bound 

Branch and Bound is a strategy for solving integer problems that consist of 
successively splitting the allowed area into sub-sets and solve a simplified 
problem (relaxation) for each sub-problem. By utilizing the information 
gained from the solutions from the sub-problems, a solution can be found to 
the original problem. (Lundgren et al., 2008) 

The idea behind Branch and Bound is to gain information so that you look 
for the solution in the places that are highly probable to hold a solution with 
a high target function value, and at the same time eliminate areas where the 
target value is low. For each sub-problem, a relaxed problem is to be solved 
to the optimum. In this way, an optimal estimation is created out of the 
optimal goal function value within the area defined by the sub-problem. 
(Lundgren et al., 2008)  

The term Branch and Bound comes from the illustration that is created to 
visualize the process of the method. The problem is illustrated graphically 
where the allowed area is divided into smaller parts and you search for the 
optimal solution within these sub-areas. The division into new sub-
problems is often done by adding additional constraints. This can be done 
by adding new constraints, or by fixating the value on certain values. 
(Lundgren et al., 2008) 

In order to keep track of all of the sub-problems and the constraints to the 
problem, a tree is created with nodes that corresponds to the sub-problems 
and arcs that show which constraints that have been added in order to create 
the next sub-problem. In the graphical illustration, you usually start at the 
root node that corresponds to the first sub-problem where no constraints 
have been added. Nodes and arcs are successively added downwards in the 
graph so that you end up with an upside down tree structure. 
(Lundgren et al., 2008) 
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To illustrate some of the characteristics in Branch and Bound, an integer 
problem is studied with four binary variables and one constraint. 

min 𝑧 = 7𝑥1 + 12𝑥2 + 5𝑥3 + 14𝑥4 

when                             300𝑥1 + 600𝑥2 + 500𝑥3 + 1600𝑥4  ≥ 700 

                                                                                          𝑥1, … , 𝑥4  ∈ {0,1}  

This problem is a so called “knapsack problem”, and in a knapsack problem, 
each sub-problem is defined by a sub-set of variables are fixated to the value 
0 or 1. If we solve the Linear Programming Relaxation to the problem, we get 
the solution (𝑥1, 𝑥2, 𝑥3, 𝑥4) = (0, 0, 0, 0.4375) with an objective function 
value of 𝑧 = 6.12. We know that we can never obtain an objective function 
value higher than 6.12, which is an optimistic estimation of the optimal 
objective function value. At the start, we only have one sub-problem that 
define the root node P0. (Lundgren et al., 2008) 

To continue the search for an optimal solution, we split the allowed area into 
two parts that is defined by setting the binary variable 𝑥4 = 0 in one and 
𝑥4 = 1 in the other. The sub-problems, or nodes, are numbered P1 
respectively P2. P1 is studied first. The solution to the LP-relaxation of sub-
problem P1 is  (𝑥1, 𝑥2, 𝑥3, 𝑥4) = (0, 0, 0, 1) with 𝑧𝑃1 = 14. This solution is 
allowed with respect to the relaxed integer constraints and gives a 
pessimistic estimation of the optimal objective function value. We know in 
the upcoming steps that we only need to look for a solution where the 
objective function value is higher than 14. When solving the LP-relaxation of 
sub-problem P2, we obtain the solution (𝑥1, 𝑥2, 𝑥3, 𝑥4) = (0, 0.33, 1, 0) 
with 𝑧𝑃2 = 9, which gives an optimistic estimation of the optimal objective 
function value among the solutions that are found in the sub-problem P2. 
Since 9 < 14, we need to keep searching and we can define two new sub-
problems where 𝑥2 is fixated to 0 respectively 1. Sub-problems can then be 
successively solved and new sub-problems can then be created. The solution 
to the stated problem is illustrated in figure 2.3. 

Figure 2.3. Illustration of Branch and Bound solution. (Lundgren et al., 2008) 
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2.2.5 Branch and Cut 

An important expansion of general Branch and Bound, is to perform an LP-
relaxation stronger by adding valid inequalities, which is the idea behind 
Branch and Cut. In each node in the search tree, if possible, one or more valid 
inequalities are added to cut away a current optimal solution so that a new 
solution can be obtained. Branch and Cut can be interpreted as a cutting 
plane method, but there are branches performed when invalid cuts are 
missing. (Lundgren et al., 2008) 

This expansion is explained by solving the same problem that was presented 
in chapter 2.2.4. However, with this strategy one valid inequality is added in 
each node. 

In the root node, the solution is found to be (𝑥1, 𝑥2, 𝑥3, 𝑥4) = (0,0,0,0.438) 
with an objective function value of z = 6.125. We choose to branch over the 
variable that has the largest fractional part, being 𝑥3, and solving that branch 
first. The solution to problem P2 is (0, 0, 1, 0.13). One valid inequality that 
cuts away this solution is 𝑥1 + 𝑥2 + 𝑥3 + 2𝑥4 ≥ 2. If we continue to solve the 
problem using Branch and Cut, we end up with the tree illustrated in figure 
2.4. Note that the tree in figure 2.4 is smaller than the one in figure 2.3. 

 

Figure 2.4. Illustration of Branch and Cut solution. (Lundgren et al., 2008) 
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2.3 Application Areas of Optimization 

According to Jan Lundgren et al., (2008), there are many application areas of 
optimization and they mention a few examples: 

o Production planning 

o Transport and logistics 

o Packing problems 

o Traffic planning 

2.3.1 Packing Problems 

Packing problems is a type of problem where objects are packed into 
containers or goods carriers. The goal with packing problems are often to 
minimize the amount of containers or goods carriers needed or to maximize 
the usefulness or benefits as a results of the objects packed together. One 
general constraint when dealing with packing problems is that objects can 
only be used once. Typical constraints are budget, weight, time, quantity, 
volume etc. (Lundgren et al., 2008) 

2.4 Utilization 

Utilization is a measurement of to which extent any capacity is used. There 
are many different types of utilization, depending on what is measured. 
(Buskhe, 1993) 

2.4.1 Fill Rate 

One way to measure the effectivity for transports is to calculate the fill rate 
which indicates how well a load carriers’ capacity is utilized. To calculate the 
fill rate, the used load rate is compared with the load capacity in the 
following way: 

𝐹𝑖𝑙𝑙 𝑅𝑎𝑡𝑒 =  
𝑈𝑠𝑒𝑑 𝑉𝑜𝑙𝑢𝑚𝑒

𝑇𝑜𝑡𝑎𝑙 𝐶𝑎𝑝𝑎𝑐𝑖𝑡𝑦
 

(2.1) 

(Buskhe, 1993) 

2.4.2 Economic Utilization 

Another approach towards utilization is called the “economic utilization 
rate”, which is used to measure the ratio of which an actual output lies 
compared to an optimal case where there are no limitations that lower the 
utilization. (Staff, 2016) 

𝐸𝑐𝑜𝑛𝑜𝑚𝑖𝑐 𝑈𝑡𝑖𝑙𝑖𝑧𝑎𝑡𝑖𝑜𝑛 =  
𝐴𝑐𝑡𝑢𝑎𝑙 𝑂𝑢𝑡𝑝𝑢𝑡

𝑃𝑜𝑡𝑒𝑛𝑡𝑖𝑎𝑙 𝑂𝑡𝑝𝑢𝑡
 

(2.2) 
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2.5 Processes and Process Mapping 

A process is defined by Bergman and Klefsjö (2010) as a “network of 
interrelated activities that are repeated over time, whose objective is to 
create value to external or internal customers”. As usual, there are many 
definitions of the term process. Anders Ljungberg and Everth Larsson 
(2012) claim that the common essence of processes is the relation between 
input and output, where the input is transformed into output through a 
series of activities that add value. 

Some of the characteristics of a process is that the processes: 

o Have a clear beginning and a clear end. 

o Have an customer that requests a result. 

o Have a supplier that commits to delivering the result. 

o Produce a defineable value as a result. 

o Are repeated over and over. (Ljungberg & Larsson, 2012) 

There are three different types of processes, being the main-, management- 
and support processes. The task of the main process is to fulfil the needs of 
the external customers and to improve the products provided by the 
organization. Examples of main processes are processes for product 
development, production and distribution. The task of the support processes 
are to provide resources and support the main processes. Examples of 
support processes are recruitment, maintenance and information processes. 
The task of the management processes are to make decisions on targets and 
strategies of the organization, and to implement improvements in the other 
organizational processes. (Bergman & Klefsjö, 2010; Ljungberg & Larsson, 
2012) 

In figure 2.5, an illustration of how the processes interact with each other is 
presented. (Bergman & Klefsjö, 2010) 
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Figure 2.5 Illustration of the processes in an organization (Bergman & Klefsjö, 
2010) 

To identify and model processes or to perform process mapping, means that 
one, or more, processes are treated with purpose to increase the 
understanding to how a process works and is structured. An organization 
often consist of a number of processes which often can be divided into a 
number of sub-processes. The sub-processes are often divided into 
activities. (Ljungberg & Larsson, 2012) This is illustrated in figure 2.6. 

Figure 2.6. Illustration of processes and sub-processes. (Ljungberg & Larsson, 
2012) 

Process mapping illustrates how processes work, their purpose and 
structure. It also shows how processes are interlinked through 
dependencies and cooperation.  A process map can contribute with a holistic 
view and help in creating understanding towards a process. It can also work 
as a tool for problem solving, where it facilitates to find where in the process 
problems arise and why. (Ljungberg & Larsson, 2012) 
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There are multiple methods for creating process maps. The modelling can be 
started by studying the purpose of the organization, the goals and business 
strategies, and breaking them down to processes. Another method for 
developing a process map is process wandering and virtual process 
wandering. Process wandering means that someone follows the process 
literally and observe it to later describe it. Virtual process wandering means 
that a participant in the process described how the process works, where 
the process is mapped later. (Ljungberg & Larsson, 2012) 

A good tool for describing and understanding a process is visualization. To 
visualize or model processes, there are a number of principles. One of which 
being a flow chart that describes the flow of the process. (Aguilar-Savén, 
2004) 

In the creation of a flow chart, the different parts of the process are 
illustrated with different symbols. See table 2.1 for the symbols and their 
meanings. 

Table 2.1. Symbols of flow chart process mapping. (Aguilar-Savén, 2004) 

Denomination Symbol 

 

Process 

 

 

Flow direction 

 

 

Start- and endpoint of process 

 

 

Decision node 

 

2.6 Factorization of Variables 

When dealing with any type of value creating service or production, there is 
always a target variable that is either maximized or minimized for the best 
result of the organization. The target variable (dependent variable) is 
dependent on several independent variables. To efficiently calculate the 
target variable, the independent variables can be factorized from a target 
function to both visualize the factors but also to simplify the steps of 
calculating the target value. (Leatham, 2012) 
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2.7 Previous Research 

Optimization has been implemented in sawmills for a relatively long time. 
Åke Liljeblad together with Richard Uusijärvi (1999) conducted a study 
investigating how optimization can be implemented in the process of sorting 
timber into different grades or qualities, using product-mix-optimization. 
According to Liljeblad and Uusijärvi (1999), it is important to maximize the 
utilization of incoming timber in order to maximize profits of the sawmill. 
This kind of optimization is something that most organizations do in one 
way or another. Liljeblad and Uusijärvi (1999) stated that the reason for 
optimization not being implemented earlier was due to the sure instinct of 
the workers. This seem to be the same reason for the process being studied 
in this study not being optimized sooner as well. 

Mhand Hifi, Imed Kacem, Stepháne Nègre and Wei Lu (2010) conducted a 
study where three-dimensional binary packing problem (3D-BPP) was 
applied to a problem in order to find an optimal solution for a packing 
problem where three dimensions were taken into consideration. The three 
dimensions increases the difficulty of finding an optimal solution to the 
problem. Hifi et al. (2010) concludes that MILP yields a quick and 
satisfactory result in 3D-BPP when benchmarked against the previous 
packing practices. 

David Pisinger and Mikkel Sigurd (2005) conducted a study where they were 
to solve a two-dimensional variable sized binary packing problem. The 
formulated problem was to pack a set of rectangular items into a set of larger 
rectangular load carriers. The load carriers had different sizes and different 
costs, where the objective was to minimize the cost to pack a certain set of 
items into the load carriers. The methods used for solving this binary-
packing problem was an Integer-Linear formulation known as Mixed-
Integer Linear Programming (MILP). Several constraints were formulated 
for finding a solution that is true to the real life conditions. 

Similarities between previous research and this study have been found. The 
previously mentioned studies all share the similarities of implementing 
mathematical modelling on a real problem that has been identified and 
formulated in some way, often by using linear programming to find an 
optimal solution. Studies have been made where the target variable is to 
minimize the space needed to pack a set of products (Hifi et al., 2010; 
Pisinger et al., 2005). There were no studies that the researcher could find 
where packing problems are modelled where the volume is irrelevant and 
the economic result is the target variable. 

The studies by Hifi et al, (2010) and Pisinger et al., (2005) share similarities 
with the knapsack problem that Arenales et al. (2011) described. The 
knapsack problem consists of packing objects with a certain weight and 
value, where the goal is to pack a maximum value given that the maximum 
weight is not exceeded. 
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The research by Arenales et al. (2011) is advantageous as it is the only found 
research that uses linear programming as method while having a target 
variable that is to be maximized. 

Both the research by Arenales et al. (2011) and this study focuses on 
implementing mathematical models for maximizing a target variable based 
on a set of parameters. 

The paper by Bénichou et al., (1971) suggests a “branch and bound” method 
for solving mixed-integer linear programming problems (MILP) effectively 
and quickly. The branch and bound method was implemented by Bénichou 
et al. (1971) at IBM Extended Mathematical Programming System in order 
to solve large Mixed-Integer Linear Programming (MILP) problems, and the 
results from implementing this method show that the amount of iteration 
required to find the optimal solution are dramatically decreased. (Bénichou 
et al., 1971) 

Justyna Żywiołek (2016) conducted a study where value stream and process 
mapping was developed and used in order to identify fundamental flaws of 
the process of information in an audited company. This method was 
successful in identifying the process as a whole and identifying flaws. This 
show that this tool is efficient and could also help in this study. 

Another study which involves both process mapping and mathematical 
modelling is “Inventory System and Functionality Evaluation for Production 
Logistics” by Khabbazi et al. (2013). The study is about modelling of 
processes in the introduction of a logistics- and inventory system with focus 
on computer support of processes. 

This study is advantageous to the research by demonstrating that 
optimization models can be created based on process mapping. The study is 
also advantageous for the case organization in the form of processes being 
mapped and optimization is done on the parameters in a given scenario 
where the utilization of products is depending on a decision made by an 
operator. 

There have been no identified studies regarding the stated research 
problem, so the contributions will open a way for future studies within the 
research area. 
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3 Methodology 
In this section, the nature of the research, research design, research approach, 
data collection methods, study implementation are presented. The methods 
are compared to one another and the choice of method will be presented 
together with a motivation to why the particular method was chosen to answer 
the previously stated research questions. This sections also contains a 
discussion whether how research quality can be secured in the terms of validity 
and reliability. The social and ethical issues regarding this study are also 
mentioned in this section. 

3.1 Nature of Research 

An illustration of the approach and implementation is presented in figure 
3.1. 

Figure 3.1 Approach and Implementation of the Study 

Depending on the amount of knowledge within a research area, the nature 
of the research is assumed. There are three basic procedures that may be 
chosen for each study; exploratory, descriptive, explanatory or some 
combination of these. These are chosen in falling order depending on the 
available knowledge within a research area where the exploratory approach 
is chosen where there are little to limited available knowledge and the goal 
with the study is to explore a new area. The descriptive approach describes 
a research area, and the explanatory approach explains where there are 
much available knowledge within the research area. (Creswell, 2014; 
Saunders et al., 2012) 
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When an empirical research project is conducted, there are different types 
of approaches that can be selected. A research proposal can be developed 
through either deductive or inductive reasoning. The research approach for 
a study is determined by the relation between research and theory, and is 
decided depending on how the researcher decides to tackle the theoretical 
aspects for the current research. It concerns which theories that are 
considered and what data that is to be collected to either test or generate 
new theories (Saunders et al., 2012).  The decision of which approach that is 
selected will have a large impact on the final results of the study, which is 
why different research objectives will need different research approaches in 
order to be answered in the most suitable way (Creswell, 2014). 

The deductive approach implies that a hypothesis can be developed and 
tested on real data based on the use of already existing theories. The 
deductive approach is different from the inductive approach, where the data 
is collected, and based on the data, a theory is developed which can be 
applied within an organization. Qualitative studies are often associated with 
the inductive approach, while quantitative studies are often associated with 
the deductive approach. Deductive approaches may feature elements of the 
inductive approach, and the other way around. This is known as abduction. 
(Saunders et al., 2012) 

3.2 Research Design 

According to Saunders et al. (2012) and Creswell (2012) there are many 
different strategies to choose between when conducting a research. Some of 
these strategies are experimental research, survey research, case study, 
action research, and grounded theory. 

3.2.1 Case Study 

Case study is described as the investigation of a phenomenon in its “real-life 
environment”. The implementation of case studies can help answering 
research questions such as “why?”, “what?” and “how?”, which is why this 
method is widely used in explanatory research. (Saunders et al., 2012) 

Martyn Denscombe (2016) describes case studies as to understanding the 
complex relation between factors when they are active within a certain 
framework. This strategy is selected as it fits the goals with this research. 

3.3 Research Approach 

The research design of a study can be qualitative, quantitative, or a mix of 
the two. The qualitative research design is primarily exploratory research 
that can be applied in order to gain an understanding towards a research 
problem. It focuses on gathering information in order to describe a 
phenomenon or process in a comprehensive way. The qualitative research 
design focuses on collection of qualitative data, which results in non-
standardized data that requires classification into categories. (Saunders. 
2012) 
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The quantitative research design focuses on describing a phenomenon or 
process using a large number of participants or cases. It uses statistical 
techniques to recognize patterns and relations between data. The collection 
of quantitative data results in numerical and standardized data. Quantitative 
data is generally more objective than qualitative data, and easier to interpret. 
In some cases, the two different research designs can be combined if the 
researcher think that the research would take benefit from doing so. 
(Saunders. 2012) 

In this study, the mixed method research design is selected. The mixed 
method is selected as a qualitative research design is needed in order to gain 
understanding towards the process that is to be studied. Also, a quantitative 
research design is needed in order to collect quantitative data and test the 
model that is developed in this study to see how it compares to the results in 
the previous state where the process was not optimized. 

3.4 Data Collection Methods 

In order to reach the research objectives, empiricism needs to be collected. 
Primary data is data that is collected for the purpose of the study and is also 
data on which the analysis of the study is based upon. Secondary data is data 
that have been produced for the purpose of another study. The collection of 
data depends on the methodology and the purpose of the study. (Saunders. 
2012) 

Interviews are divided into different types depending in the structural level 
of the interview. Generally there are structured-, semi-structured- and 
unstructured interviews. Structured interviews are similar to surveys where 
the questions have been predetermined and the interview continues 
without further discussion or supplementary questions. Semi-structured 
interviews have a list of themes and key questions that are to be discussed 
and answered. (Saunders. 2012) 

The questions asked are open and the interviewee is prompted to describe 
whatever the interview is about. Semi-structured interviews allow 
supplementary questions and debilitations from the subject. Unstructured 
interviews require little to no preparation and can be described as 
spontaneous questions with purpose to give the researcher a deeper 
understanding towards something. However, the researcher needs to have 
some idea what they desire to gain from the interview. Interviews can be 
done face to face, via phone, or via e-mail. (Saunders. 2012) 
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The observation method is a method of data collection under which data 
from the field is collected by the researcher personally going into the field of 
operation. The advantages of using the observation method is that the 
researcher obtains current information and any bias that might arise in an 
interview is eliminated. The observation method gives the researcher the 
possibility to get a complete picture of the process and creating a self-
perceived empiricism. The researcher can either participate in the process 
or simply observe from the side a certain happening or process in order to 
achieve understanding. (Creswell, 2014; Saunders et al., 2012) As this study 
has a mixed-methods approach, two different methods for data collection is 
required. 

For the qualitative part of the study, a semi-structured interview was 
conducted in order to identify the process as a whole. The semi-structured 
interview was chosen because the researcher needed specific information, 
but was not sure exactly how to formulate the questions. The nature of semi-
structured interviews will let the interviewee to answer freely around the 
key questions and render a true image of what the current state of the 
research problem. 

The quantitative study will focus on the rate of utilization of value when 
combining trays of timber. The results gathered by observation method will 
enable a comparison between the combinations performed by the operator 
with the combinations suggested by the optimization model. This means 
that the observation method will be perfect for gathering data, where the 
data being collected will consist of the information stored in the trays such 
as volume, quality and length, but also the combinations that are being made 
so that a comparison between the utilization of value when combining trays 
of timber compared to what the model would suggest. The quantitative data 
is collected using observation method because the researcher want to 
eliminate the chance of error caused by intermediaries forwarding data. 

A semi-structured interview was conducted with the quality manager of the 
case organization to this study. Before the start of the interview, an informed 
consent form was signed, which is presented in appendix A. The structure of 
the interview is presented in appendix B, where an interview protocol is 
presented. The full transcript to the interview can be found in appendix C. 
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3.5 Study Implementation 

With consideration to the methodological aspects that has been described in 
this chapter, this study will be performed accordingly to the model that is 
illustrated in figure 3.1. The study will be divided into four main phases, 
where the first phase is the initial phase. In the initial phase, the researcher 
will familiarize with the process that is to be optimized and the organization 
where the study will be conducted. The next step in the initial phase of the 
study will be to define the aims and objectives with the study. After that has 
been done, the theoretical frame of reference will be formulated as well as 
methodology theory. 

When this has been done, the implementation of the study can begin. The 
qualitative phase and the quantitative phase will be performed sequentially, 
where the first step is to observe the process of combining trays of timber at 
the end of each order. This was done in the form of the researcher being 
present and observing, with their own eyes, the operators of the 
organization when they performed their tasks. 

A semi-structured interview will be conducted with competent personnel to 
identify all the factors that affects the result of the process. When the process 
has been mapped, it is verified with the same person that was interviewed 
to make sure that there have been no misunderstandings. All data that was 
collected via observation and interviews are primary data. 

The secondary data that was collected for this study was of the qualitative 
nature, where previous research were reviewed regarding current and 
relevant methods and theories within the area of research. The collection of 
secondary data was mainly a literature study where educational literature 
and scientific articles published within the area of research. 

The next step in the qualitative phase is to analyze the collected data. The 
current state of the organization and the process is analyzed and the 
parameters that affect the outcome of each case are identified. When the 
parameters are identified, a model can be formulated mathematically. When 
the model has been formulated mathematically, the model can also be 
constructed inside an optimization program. 

When the qualitative phase has been completed. The quantitative phase can 
begin. In this phase, optimization theory is reviewed and previous scenarios 
of combinations of trays is collected, together with the data regarding the 
products that are stored inside the trays such as quality, length, volume etc. 

The quantitative data consists of information regarding each tray such as fill 
rate, volume, quality (which is correlated to price), length, and area. All of 
the quantitative data was collected via photography so that each scenario 
could be recreated to 100 percent accuracy. 
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The next step of the quantitative phase is to analyze the data collected and 
run the model with the data that is given for each scenario. The results of the 
model is later evaluated. 

The final phase consists of a discussion where the results of the simulations 
in the model is conducted. Later, conclusions are drawn and proposals for 
further research are presented. The last step of this study is suggestions for 
improvement at the case study organization. 

3.6 Credibility of Method 

3.6.1 Reliability 

The reliability of a project is measured by how well the result from the 
project can be recreated or if there are any random variables in the result. 
(Bryman, 2011) The reliability of the study is increased if the number of 
participants is higher. According to Nahid Golafshani (2003), the reliability 
of a study is defined as to which extent the results are consistent over time, 
and if the results of a study can be reproduced with a similar methodology. 
(Bryman, 2011; Golafshani, 2003) 

The data collected in this studied is collected over a time period of 16 weeks, 
and there are a total of 30 scenarios collected and compared to an optimal 
solution. These cases can be seen in appendix D. 

The researcher have throughout the study been collecting data regarding the 
products stored in the trays, and photographing the data so that the 
information could later be recreated on the researchers’ computer with 100 
percent accuracy. The same thing goes with the different combinations that 
were created by the operators of the sawmill. Each combination was shown 
on a computer screen and photographed by the researcher so that the 
solution suggested by the operator could be compared with the solution 
generated by the model. 

To generate a fair image of how big the average cost that is generated as a 
result of different combinations of trays, 30 different cases were collected 
and calculated upon. This was done in order to achieve a perception of the 
average cost for each case, and thereby increase the reliability of the results. 

3.6.2 Validity 

The validity of a study aims to measure and record what is really meant to 
measure and register. (Eriksson & Wiedersheim, 2008) According to 
Saunders et al. (2012) the validity of a study can be divided into internal and 
external validity. The internal validity of a study includes the extent to which 
the content at the theoretical level complies with the content on the 
operational level. The external validity refers to the results of data collection 
and measurements, and how they correspond to reality. External validity 
requires an empirical review in order to be assured. (Saunders et al., 2012) 
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Throughout the study, the validity have been secured by the researcher only 
measuring what is intended to measure. In order to find relevant data 
regarding the research problem and the process that is to be dealt with, an 
interview was booked with the quality manager of the sawmill, where the 
knowledge regarding the process in particular would be undisputed. The 
collection of data for the quantitative part of the study was done by 
observing the workers and photographing the data stored in the trays. 
Furthermore, the combinations generated by the operators of the sawmill 
was also photographed so that the situations can be recreated to 100 percent 
accuracy. 

Landry et al. (1983) discusses the validity of optimization models and states 
that the comprehensibility of the model is important for model validity. If the 
solution generated by the model is difficult to interpret, there is a chance 
that a solution different from the optimal is used. Landry (1983) also states 
that in the phase of model development, it is crucial that all limitation to the 
process are identified so that the solution suggested by the model is doable 
in a real life situation. (Landry et al., 1983) 

Landry et al. (1983) also states that the model must be continuously tested 
in the aspect of validity, meaning that the solutions suggested by the model 
must be controlled by an individual with competence in the area. (Landry et 
al., 1983) 

To ensure that the model developed in this study would generate solution 
that are possible for the organization, these factors were taken into 
consideration, but there is always a small chance that there are some cases 
in which the optimization model will not find an optimal solution for some 
unknown reason. 

3.7 Tools 

Tools that have been used in this study is LINGO, Microsoft Excel, and 
Draw.io. 

3.7.1 LINGO 

There are modeling tools, called solvers, developed to model optimization 
problems with help from certain algorithms, one of such being the program 
Lingo. Lingo is a comprehensive and a powerful tool for building and editing 
optimization problems and have several built in solvers. Lingo manages 
linear, non-linear, and stochastic optimization models, which is 
advantageous when solving large problems. The program finds the optimal 
solution for a problem using different methods and algorithms depending 
the character of the model. (Schrage, 2006) 
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Lingo also supports call functions, making it possible to both import and 
export data to external programs, which facilitates the handling of large 
amounts of data. One of the programs that are supported by this function is 
Microsoft Excel. The data is imported to the model from Microsoft Excel, 
where an optimal solution is found, and the result is later exported back to 
the same documents in excel so that the result can easily be interpreted. 
(Schrage, 2016) The code for the model used in LINGO can be found in 
appendix E. 

3.7.2 EXCEL 

The program Microsoft Excel has been used for storing the collected data 
and the obtained results generated by LINGO. Using Microsoft Excel has 
granted a good overview where all of the data is easy to interpret. 
(Lindo, 2018) 

3.7.3 Draw.io 

Draw.io is a free online diagram software for creating flowcharts, process 
maps, UML, network diagrams etc. (Draw.io, 2018) 

3.8 Social and Ethical Issues 

Social and ethical issues must according to Creswell (2014) be considered 
during all phases of a study. Creswell (2014) presents a set of aspects that a 
researcher should consider before, and during a study and how they have 
been handled in this study is presented below. 

o Identify an advantageous research question 

Before the study can begin, it should be agreed upon with the 
organization where the study will be performed that the study can be 
performed at the organization and that the researcher may take note 
of the organizations empiricism. It is desirable that the organization 
understand that they may take part of the results of the study and 
that the results will be useful to the organization. During the course 
of the study, it is good to keep an open dialogue, and when the study 
is completed, there should be a planned presentation where the 
organization may take part of the results and conclusions of the study. 
(Creswell, 2014) 
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o Respect for norms and respect for the operation of the 
organization 
When the researcher intends to be located at the case organization, it 
is important that the researcher adapts to the prevailing culture and 
do not oppose the norms that exist in the organization. By 
establishing trust, more spontaneous information can be acquired, 
not information that the participants of the study think that the 
researcher wants, but information that show how the situation really 
is. Establishing trust with the participants of the study may also lead 
to that the participants do not feel disturbed by the presence of the 
researcher in their daily work. However, it is important that the 
researcher have the discipline to not be affected by the organization, 
and the results must be interpreted objectively. (Creswell, 2014) 

o Respect for the participants 

In order to show respect for those who choose to participate in the 
study, the researcher must always inform the participants about the 
purpose of the study and how their participation contributes to the 
study. The researcher must inform the participants regarding 
anonymity. Participants must not be pressured to participate or be 
pressured to leave certain information that they do not want to give 
away or trick them in any other way. Any publication of the results 
that could harm the participants must be avoided. (Creswell, 2014) 

In this study, the participating interviewee was offered optional 
anonymity, but the offer was declined. 

o Data management 

It must be agreed with the case organization regarding which kind of 
information that may be used in the study, and not. (Creswell, 2014) 

o Analysis 

The researcher may not manipulate the results of the study to present 
the study or the case in a misleading way. (Creswell, 2014) 
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4 Model 
In chapter 4.1 – 4.5, the model that is used in order to fulfill the purpose of the 
study and answer the research questions is presented. 

4.1 Identification 

The optimization model is used to generate an optimized result where the 
combination of trays are presented, at the same time as the utilization of 
products are maximized. 

The goal for the model is to be as similar to reality as possible so that the 
suggested solution can be implemented. 

The following aspects have been taken into consideration when the model 
was developed: 

o For each tray, the volume, fill rate, quality, length and area is 
identified. 

o For each combination of trays, the quality must always downgraded 
to the lowest value. 

o For each combination of trays, the length must always downgraded 
to the lowest value. 

o The total fill rate for each combination of trays must not be under 
30percent or exceed 100 percent. 

o All trays containing products must be included in the model. 

o A tray can only be included in one combination for each scenario. 

4.2 Model Description 

The idea behind the model is to identify which combinations of trays that 
result in the lowest loss for the sawmills’ in the process that occurs when an 
order comes to an end. The way that the model is designed, the trays can be 
combined three-fold. The different possible combinations can be portrayed 
as a three dimensional matrix where each cell is one possible combination. 
An illustration of this matrix is shown in figure 4.1, where the all possible 
combinations are portrayed. 

The combinations are decided by the indices i, j and k where each index 
represents a tray of timber. 
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Figure 4.1. Illustration of combination matrix. 

Because of the fact that the quality and length must be downgraded to the 
lowest value for each combination, the model must consist of multiple sub-
models where one minimizes the length, one minimizes the quality, and one 
maximizes the value given all formulated constraints. 

4.2.1 Sets 

𝑇 = {𝑇1, 𝑇2, … , 𝑇𝑛},  the amount of trays at disposal in the sawmill containing 
products and product information indexed by 𝑇𝑖 where 1 ≤ 𝑖 ≤ 𝑛. 

𝐶 = 𝑇 ×  𝑇 × 𝑇, the possible combinations of trays, enabling the 
combination of three different trays indexed by the indices i, j, and k 
where 1 ≤ 𝑖 ≤ 𝑛,      1 ≤ 𝑗 ≤ 𝑛,      1 ≤ 𝑘 ≤ 𝑛. 
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2.3.2 Parameters 

The parameters included in the model are presented in table 4.1. 

Table 4.1. Parameters 

Denotation Description Unit Data-type 

𝑎𝑐𝑖,𝑗,𝑘 Parameter indicating the total 
area in 𝑚2 for each combination. 

𝑚2 ℝ 

𝑓𝑐
𝑖,𝑗,𝑘

 Parameter indicating the total 
fill rate in % for each 
combination. 

% ℝ 

𝑙𝑐𝑖,𝑗,𝑘 Parameter indicating the final 
length in 𝑚 for each 
combination. 

𝑚 ℝ 

𝑝𝑐
𝑖,𝑗,𝑘

 Parameter indicating the final 
price in 𝑘𝑟/𝑚3 for each 
combination. 

𝑘𝑟/𝑚3 ℝ 

𝑣𝑐𝑖,𝑗,𝑘 Parameter indicating the final 
volume in 𝑚3 for each 
combination. 

𝑚3 ℝ 

𝑎𝑡𝑖,𝑗,𝑘 Parameter indicating the total 
area in 𝑚2 for each tray. 

𝑚2 ℝ 

𝑓𝑡
𝑖
 Parameter indicating the fill rate 

in % for each tray. 
% ℝ 

𝑙𝑡𝑖 Parameter indicating the length 
in 𝑚 for each tray. 

𝑚 ℝ 

𝑝𝑡
𝑖
 Parameter indicating the price 

in 𝑘𝑟/𝑚3 for each tray. 
𝑘𝑟/𝑚3 ℝ 

𝑣𝑡𝑖 Parameter indicating the volume 
in 𝑚3 for each tray. 

𝑚3 ℝ 
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4.2.3 Variables 

The variables that are used in the model are binary variables. This means 
that each variable can assume the values 1 or 0. The binary in the model are 
defied as: 

𝑥𝑖,𝑗,𝑘 {
1, if the combination with the indices 𝑖, 𝑗, 𝑘 is used                           
0,                                       else                                                                         

 

𝑙𝑐𝑏𝑖,𝑗,𝑘 {
1, if the length with the indices 𝑖, 𝑗, 𝑘 is used for each combination
0,                                       else                                                                            

 

𝑝𝑐𝑏
𝑖,𝑗,𝑘

{
1, if the price with the indices 𝑖, 𝑗, 𝑘 is used for each combination    
0,                                       else                                                                             

 

𝑓𝑏
𝑖,𝑗,𝑘

{
1, if the fill rate with the indices 𝑖, 𝑗, 𝑘 is used for each combination
0,                                        else                                                                            

 

4.3 Factorization of Independent Variables 

The dependent variable that is to be maximized is the economic value for 
each package. The independent variables that affect the dependent variable 
are identified as the volume and the quality. As the quality for each package 
has a corresponding price that is indicated by 𝑘𝑟 𝑚3⁄ , the formula that is 
used to calculate the target variable (economic value) is formulated as 
according function 4.1, where the target variable is denoted as T, the volume 
is denoted with V, and the price is denoted P.  

𝑇 = 𝑉 ∗ 𝑃 4.1 

Since the length and quality is different for almost every other combination, 
both of them must be factorized. The price has a correlation to the quality in 
the form of a price table. However, the length must be factorized from the 
volume, resulting in a new function 4.2, where the same denotation from 
function 4.1 are used with addition to the denotation A for area. 

 

𝑇 = 𝑉 ∗ 𝑃 = {𝑉 = 𝐴 ∗ 𝐿} = 𝐴 ∗ 𝐿 ∗ 𝑃 4.2 
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The area in function 4.2 refers to the area on the short side of the 
package illustrated in figure 4.2. 

Figure 4.2. Illustration of short side area. 

In case of combinations, the total area for the short side must be 
calculated in order to calculate the total volume of the package 
according function 4.2. The total area is calculated accordinly to 
function 4.3. 

 𝐴𝑡𝑜𝑡 = 𝐴1 + 𝐴2 +⋯+ 𝐴𝑛 4.3 

In the example illustrated in figure 4.3, the total area would be 𝐴1 +
𝐴2. 

 

Figure 4.3. Illustration of total short side area in a combination. 
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4.4 Mathematical Formulation 

As the model requires both minimization and maximization in the same 
model, three sub-models were formulated and solved together to generate 
an optimal solution. 

The first sub-model was formulated for the downgrade of quality for each 
combination 

The second sub-model was formulated for the downgrade of length for each 
combination. 

The final sub-model was formulated for the maximization of value in order 
to maximize the utilization, using function 4.2 and 4.3 for identifying the 
value for each combination. 

The optimization process is performed according to figure 4.4. 

 

Figure 4.4. Illustration of the optimization process. 

In chapter 4.4.1 to 4.4.3, the mathematical formulation for each sub-model 
in presented. 

The modelling program LINGO take the mathematical formulation of the 
problem that is to be solved and decides which solver that is most 
appropriate for the problem. The method Branch and Cut is chosen for 
finding the solution for each scenario is this research. The code for the model 
used in LINGO is found in appendix E. 

4.4.1 Quality Downgrade 

In chapter 4.4.1.1 – 4.4.1.2, the target function together with the constraints to 
the sub-model Quality Downgrade is presented. 

4.4.1.1 Target Function 

min 𝑧 = ∑ 𝑃𝑏𝑖,𝑗,𝑘 ∗ 𝑃
𝑡
𝑖 + 𝑃

𝑏
𝑗,𝑘,𝑖 ∗ 𝑃

𝑡
𝑗 + 𝑃

𝑏
𝑘,𝑖,𝑗 ∗ 𝑃

𝑡
𝑘

(𝑖,𝑗,𝑘)∈𝐶

    

 

 

(4.4) 
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4.4.1.2 Constraints 

∑ 𝑃𝑏𝑖,𝑗,𝑘 + 𝑃
𝑏
𝑗,𝑘,𝑖 + 𝑃

𝑏
𝑘,𝑖,𝑗 = 1

(𝑖,𝑗,𝑘)∈𝐶
𝑖=𝑗,𝑖≠𝑘,𝑗≠𝑘

  

 

 

(4.5) 

∑ 𝑃𝑏𝑖,𝑗,𝑘 + 𝑃
𝑏
𝑗,𝑘,𝑖 + 𝑃

𝑏
𝑘,𝑖,𝑗 = 1

(𝑖,𝑗,𝑘)∈𝐶
𝑖≠𝑗,𝑖=𝑘,𝑗≠𝑘

  

 

 

(4.6) 

∑ 𝑃𝑏𝑖,𝑗,𝑘 + 𝑃
𝑏
𝑗,𝑘,𝑖 + 𝑃

𝑏
𝑘,𝑖,𝑗 = 1

(𝑖,𝑗,𝑘)∈𝐶
𝑖≠𝑗,𝑖≠𝑘,𝑗=𝑘

  

 

 

(4.7) 

∑ 𝑃𝑏𝑖,𝑗,𝑘 + 𝑃
𝑏
𝑗,𝑘,𝑖 + 𝑃

𝑏
𝑘,𝑖,𝑗 = 1

(𝑖,𝑗,𝑘)∈𝐶
𝑖≠𝑗,𝑖≠𝑘,𝑗≠𝑘

  

 

 

(4.8) 

∑ 𝑃𝑡𝑖 = 𝑃
𝑐
𝑖,𝑗,𝑘

(𝑖,𝑗,𝑘)∈𝐶
𝑖=𝑗,𝑖=𝑘,𝑗=𝑘

  

 

 

(4.9) 

∑ 𝑃𝑐𝑏𝑖,𝑗,𝑘 ∗ 𝑃
𝑡
𝑖 + 𝑃

𝑐𝑏
𝑗,𝑘,𝑖 ∗ 𝑃

𝑡
𝑖 + 𝑃

𝑐𝑏
𝑘,𝑖,𝑗 ∗ 𝑃

𝑡
𝑘 = 𝑃

𝑐
𝑖,𝑗,𝑘

(𝑖,𝑗,𝑘)∈𝐶
𝑖=𝑗,𝑖≠𝑘,𝑗≠𝑘

  

 

 

(4.10) 

∑ 𝑃𝑐𝑏𝑖,𝑗,𝑘 ∗ 𝑃
𝑡
𝑖 + 𝑃

𝑐𝑏
𝑗,𝑘,𝑖 ∗ 𝑃

𝑡
𝑗 + 𝑃

𝑐𝑏
𝑘,𝑖,𝑗 ∗ 𝑃

𝑡
𝑖 = 𝑃

𝑐
𝑖,𝑗,𝑘

(𝑖,𝑗,𝑘)∈𝐶
𝑖≠𝑗,𝑖=𝑘,𝑗≠𝑘

  

 

 

(4.11) 

∑ 𝑃𝑐𝑏𝑖,𝑗,𝑘 ∗ 𝑃
𝑡
𝑖 + 𝑃

𝑐𝑏
𝑗,𝑘,𝑖 ∗ 𝑃

𝑡
𝑗 + 𝑃

𝑐𝑏
𝑘,𝑖,𝑗 ∗ 𝑃

𝑡
𝑗 = 𝑃

𝑐
𝑖,𝑗,𝑘

(𝑖,𝑗,𝑘)∈𝐶
𝑖≠𝑗,𝑖≠𝑘,𝑗=𝑘

  

 

 

(4.12) 

∑ 𝑃𝑐𝑏𝑖,𝑗,𝑘 ∗ 𝑃
𝑡
𝑖 + 𝑃

𝑐𝑏
𝑗,𝑘,𝑖 ∗ 𝑃

𝑡
𝑗 + 𝑃

𝑐𝑏
𝑘,𝑖,𝑗 ∗ 𝑃

𝑡
𝑘 = 𝑃

𝑐
𝑖,𝑗,𝑘

(𝑖,𝑗,𝑘)∈𝐶
𝑖≠𝑗,𝑖≠𝑘,𝑗≠𝑘

  

 

 

(4.13) 

𝐿𝑏𝑖,𝑗,𝑘, 𝐿
𝑐𝑏
𝑖,𝑗,𝑘  ∈ {0,1} (𝑖, 𝑗, 𝑘) ∈ 𝐶 (4.14) 
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4.4.2 Length Downgrade 

In chapter 4.4.2.1 – 4.4.2.2, the target function and the constraints to the sub-
model Length Downgrade is presented. 

4.4.2.1 Target Function 

min ∑ 𝐿𝑏𝑖,𝑗,𝑘 ∗ 𝐿
𝑡
𝑖 + 𝐿

𝑏
𝑗,𝑘,𝑖 ∗ 𝐿

𝑡
𝑗 + 𝐿

𝑏
𝑘,𝑖,𝑗 ∗ 𝐿

𝑡
𝑘

(𝑖,𝑗,𝑘)∈𝐶

    

 

 

(4.15) 

4.4.2.2 Constraints 

∑ 𝐿𝑏𝑖,𝑗,𝑘 + 𝐿
𝑏
𝑗,𝑘,𝑖 + 𝐿

𝑏
𝑘,𝑖,𝑗 = 1

(𝑖,𝑗,𝑘)∈𝐶
𝑖=𝑗,𝑖≠𝑘,𝑗≠𝑘

  

 

 

(4.16) 

∑ 𝐿𝑏𝑖,𝑗,𝑘 + 𝐿
𝑏
𝑗,𝑘,𝑖 + 𝐿

𝑏
𝑘,𝑖,𝑗 = 1

(𝑖,𝑗,𝑘)∈𝐶
𝑖≠𝑗,𝑖=𝑘,𝑗≠𝑘

  

 

 

(4.17) 

∑ 𝐿𝑏𝑖,𝑗,𝑘 + 𝐿
𝑏
𝑗,𝑘,𝑖 + 𝐿

𝑏
𝑘,𝑖,𝑗 = 1

(𝑖,𝑗,𝑘)∈𝐶
𝑖≠𝑗,𝑖≠𝑘,𝑗=𝑘

  

 

 

(4.18) 

∑ 𝐿𝑏𝑖,𝑗,𝑘 + 𝐿
𝑏
𝑗,𝑘,𝑖 + 𝐿

𝑏
𝑘,𝑖,𝑗 = 1

(𝑖,𝑗,𝑘)∈𝐶
𝑖≠𝑗,𝑖≠𝑘,𝑗≠𝑘

  

 

 

(4.19) 

∑ 𝐿𝑡𝑖 = 𝐿
𝑐
𝑖,𝑗,𝑘

(𝑖,𝑗,𝑘)∈𝐶
𝑖=𝑗,𝑖=𝑘,𝑗=𝑘

  

 

 

(4.20) 

∑ 𝐿𝑐𝑏𝑖,𝑗,𝑘 ∗ 𝐿
𝑡
𝑖 + 𝐿

𝑐𝑏
𝑗,𝑘,𝑖 ∗ 𝐿

𝑡
𝑖 + 𝐿

𝑐𝑏
𝑘,𝑖,𝑗 ∗ 𝐿

𝑡
𝑘 = 𝐿

𝑐
𝑖,𝑗,𝑘

(𝑖,𝑗,𝑘)∈𝐶
𝑖=𝑗,𝑖≠𝑘,𝑗≠𝑘

  

 

 

(4.21) 

∑ 𝐿𝑐𝑏𝑖,𝑗,𝑘 ∗ 𝐿
𝑡
𝑖 + 𝐿

𝑐𝑏
𝑗,𝑘,𝑖 ∗ 𝐿

𝑡
𝑗 + 𝐿

𝑐𝑏
𝑘,𝑖,𝑗 ∗ 𝐿

𝑡
𝑖 = 𝐿

𝑐
𝑖,𝑗,𝑘

(𝑖,𝑗,𝑘)∈𝐶
𝑖≠𝑗,𝑖=𝑘,𝑗≠𝑘

  

 

 

(4.22) 

∑ 𝐿𝑐𝑏𝑖,𝑗,𝑘 ∗ 𝐿
𝑡
𝑖 + 𝐿

𝑐𝑏
𝑗,𝑘,𝑖 ∗ 𝐿

𝑡
𝑗 + 𝐿

𝑐𝑏
𝑘,𝑖,𝑗 ∗ 𝐿

𝑡
𝑗 = 𝐿

𝑐
𝑖,𝑗,𝑘

(𝑖,𝑗,𝑘)∈𝐶
𝑖≠𝑗,𝑖≠𝑘,𝑗=𝑘

  

 

 

(4.23) 
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∑ 𝐿𝑐𝑏𝑖,𝑗,𝑘 ∗ 𝐿
𝑡
𝑖 + 𝐿

𝑐𝑏
𝑗,𝑘,𝑖 ∗ 𝐿

𝑡
𝑗 + 𝐿

𝑐𝑏
𝑘,𝑖,𝑗 ∗ 𝐿

𝑡
𝑘 = 𝐿

𝑐
𝑖,𝑗,𝑘

(𝑖,𝑗,𝑘)∈𝐶
𝑖≠𝑗,𝑖≠𝑘,𝑗≠𝑘

  

 

 

(4.24) 

𝐿𝑏𝑖,𝑗,𝑘, 𝐿
𝑐𝑏
𝑖,𝑗,𝑘  ∈ {0,1} (𝑖, 𝑗, 𝑘) ∈ 𝐶 (4.25) 

4.4.3 Value Optimization 

In chapter 4.4.3.1 – 4.4.3.2, the target function and the constraints to the sub-
model Value Optimization is presented. 

4.4.3.1 Target Function 

max 𝑧 = ∑ 𝑥𝑖,𝑗,𝑘 ∗ 𝑎𝑖,𝑗,𝑘 ∗ 𝑙𝑖,𝑗,𝑘 ∗ 𝑝𝑖,𝑗,𝑘
(𝑖,𝑗,𝑘)∈𝐶

  (4.26) 

4.4.3.2 Constraints 

                                 

(

 
 1

6
∑ (𝑥𝑖,𝑗,𝑘 + 𝑥𝑖,𝑘,𝑗 + 𝑥𝑗,𝑖,𝑘 + 𝑥𝑗,𝑘,𝑖 + 𝑥𝑘,𝑖,𝑗 + 𝑥𝑘,𝑗,𝑖)

(𝑗,𝑘)∈𝐶
𝑖=𝑗,𝑖=𝑘,𝑗=𝑘

+ 
1

3

(

 
 

∑ 𝑥𝑖,𝑗,𝑘 + 𝑥𝑗,𝑘,𝑖 + 𝑥𝑘,𝑖,𝑗 + 𝑥𝑘,𝑘,𝑖 + 𝑥𝑘,𝑖,𝑘 + 𝑥𝑖,𝑘,𝑘
(𝑗,𝑘)∈𝐶

𝑖=𝑗,𝑖≠𝑘,𝑗≠𝑘

+        ∑ 𝑥𝑖,𝑗,𝑘 + 𝑥𝑗,𝑘,𝑖 + 𝑥𝑘,𝑖,𝑗 + 𝑥𝑗,𝑗,𝑖 + 𝑥𝑗,𝑖,𝑗 + 𝑥𝑖,𝑗,𝑗
(𝑗,𝑘)∈𝐶

𝑖≠𝑗,𝑖=𝑘,𝑗≠𝑘

+        ∑ 𝑥𝑖,𝑗,𝑘 + 𝑥𝑗,𝑘,𝑖 + 𝑥𝑘,𝑖,𝑗 + 𝑥𝑖,𝑖,𝑘 + 𝑥𝑖,𝑘,𝑖 + 𝑥𝑘,𝑖,𝑖
(𝑗,𝑘)∈𝐶

𝑖≠𝑗,𝑖≠𝑘,𝑗=𝑘 )

 
 

+         ∑ 𝑥𝑖,𝑗,𝑘 + 𝑥𝑗,𝑘,𝑖 + 𝑥𝑘,𝑖,𝑗
(𝑗,𝑘)∈𝐶

𝑖=𝑗,𝑖≠𝑘,𝑗≠𝑘 )

 
 
= 1 

 

 

 

 

 

 

 

 

 

 

 

(𝑖) ∈ 𝑇 

 

 

 

 

 

 

 

 

 

 

 

(4.27) 

𝑥𝑖,𝑗,𝑘 ∗ 𝐹
𝐶
𝑖,𝑗,𝑘  ≥  𝐹

𝑚𝑖𝑛 ∗ 𝐹𝑏𝑖,𝑗,𝑘 (𝑖, 𝑗, 𝑘) ∈ 𝐶 (4.28) 
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𝑥𝑖,𝑗,𝑘 ∗ 𝐹
𝐶
𝑖,𝑗,𝑘  ≤  𝐹

𝑚𝑎𝑥 ∗ 𝐹𝑏𝑖,𝑗,𝑘 (𝑖, 𝑗, 𝑘) ∈ 𝐶 (4.29) 

𝑥𝑖,𝑗,𝑘, 𝐹
𝑏
𝑖,𝑗,𝑘  ∈ {0,1} (𝑖, 𝑗, 𝑘) ∈ 𝐶 (4.30) 

∑ 𝐴𝑡𝑖 = 𝐴
𝑐
𝑖,𝑗,𝑘

(𝑖)∈𝑇
𝑖=𝑗,𝑖=𝑘,𝑗=𝑘

                            

(𝑖, 𝑗, 𝑘) ∈ 𝐶 

 

(4.31) 

∑ 𝐴𝑡𝑖  + 𝐴
𝑡
𝑘  = 𝐴

𝑐
𝑖,𝑗,𝑘           

(𝑖,𝑘)∈𝑇
𝑖=𝑗,𝑖≠𝑘,𝑗≠𝑘

  

(𝑖, 𝑗, 𝑘) ∈ 𝐶 

 

(4.32) 

∑ 𝐴𝑡𝑖  + 𝐴
𝑡
𝑗  = 𝐴

𝑐
𝑖,𝑗,𝑘            

(𝑖,𝑗)∈𝑇
𝑖≠𝑗,𝑖=𝑘,𝑗≠𝑘

  

(𝑖, 𝑗, 𝑘) ∈ 𝐶 

 

(4.33) 

∑ 𝐴𝑡𝑖  + 𝐴
𝑡
𝑗 = 𝐴

𝑐
𝑖,𝑗,𝑘

(𝑖,𝑗)∈𝑇
𝑖≠𝑗,𝑖≠𝑘,𝑗=𝑘

                

(𝑖, 𝑗, 𝑘) ∈ 𝐶 

 

(4.34) 

∑ 𝐴𝑡𝑖  +  𝐴
𝑡
𝑗  +  𝐴

𝑡
𝑘  = 𝐴

𝑐
𝑖,𝑗,𝑘

(𝑖,𝑗,𝑘)∈𝑇
𝑖≠𝑗,𝑖≠𝑘,𝑗≠𝑘

  

(𝑖, 𝑗, 𝑘) ∈ 𝐶 

 

(4.35) 

∑ 𝐹𝑡𝑖 = 𝐹
𝑐
𝑖,𝑗,𝑘

(𝑖)∈𝑇
𝑖=𝑗,𝑖=𝑘,𝑗=𝑘

                               

(𝑖, 𝑗, 𝑘) ∈ 𝐶 

 

(4.36) 

∑ 𝐹𝑡𝑖  +  𝐹
𝑡
𝑘  = 𝐹

𝑐
𝑖,𝑗,𝑘               

(𝑖,𝑘)∈𝑇
𝑖=𝑗,𝑖≠𝑘,𝑗≠𝑘

  

(𝑖, 𝑗, 𝑘) ∈ 𝐶 

 

(4.37) 

∑ 𝐹𝑡𝑖  +  𝐹
𝑡
𝑗  = 𝐹

𝑐
𝑖,𝑗,𝑘                 

(𝑖,𝑗)∈𝑇
𝑖≠𝑗,𝑖=𝑘,𝑗≠𝑘

  

(𝑖, 𝑗, 𝑘) ∈ 𝐶 

 

(4.38) 
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∑ 𝐹𝑡𝑖  +  𝐹
𝑡
𝑗 = 𝐹

𝑐
𝑖,𝑗,𝑘

(𝑖,𝑗)∈𝑇
𝑖≠𝑗,𝑖≠𝑘,𝑗=𝑘

                    

(𝑖, 𝑗, 𝑘) ∈ 𝐶 

 

(4.39) 

∑ 𝐹𝑡𝑖  +  𝐹
𝑡
𝑗  +  𝐹

𝑡
𝑘  = 𝐹

𝑐
𝑖,𝑗,𝑘

(𝑖,𝑗,𝑘)∈𝑇
𝑖≠𝑗,𝑖≠𝑘,𝑗≠𝑘

    

(𝑖, 𝑗, 𝑘) ∈ 𝐶 

 

(4.40) 

𝐹𝑚𝑖𝑛 = 0.30, 𝐹𝑚𝑎𝑥 = 1,00  (4.41) 

4.5 Explanation of Mathematical Formulation 

The target function in Quality Downgrade (4.4) uses a minimization function 
where binary variables are implemented to find the lowest quality for each 
combination. The target function is designed to test all values for each 
combination and with constraints in the use of the binary variables, select 
the lowest value for each combination. 

The functions (4.5), (4.6), (4.7), and (4.8) are constraints that control the use 
of the binary variables in the target function (4.4). The sum of the binary 
variables for each combination must always be equal to one so that the 
lowest quality is assumed for each combination. 

The functions (4.9), (4.10), (4.11), (4.12), and (4.13) saves the smallest value 
for all combinations in parameter 𝑃𝑐𝑖,𝑗,𝑘 for future use in another sub-model. 

Function (4.14) defines the variables 𝐿𝑏𝑖,𝑗,𝑘 and 𝐿𝑏𝑐𝑖,𝑗,𝑘 as binary. 

The target function in Length Downgrade (4.15) is similar to (4.4), where a 
minimization function is used and binary variables help identifying the 
shortest length for every possible combination. 

The functions (4.16), (4.17), (4.18), and (4.19) are constraints that control 
the use of the binary variables in the target function (4.16). The sum of the 
binary variables for each scenario must always be equal to one so that the 
shortest length is assumed for each combination. 

The functions (4.20), (4.21), (4.22), (4.23), and (4.24) saves the shortest 
length for all combinations in 𝐿𝑐𝑖,𝑗,𝑘 for future use in another sub-model. 

Function (4.25) defines the variables 𝑃𝑏𝑖,𝑗,𝑘 and 𝑃𝑏𝑐𝑖,𝑗,𝑘 as binary. 
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The target function in sub-model Value Optimization (4.26) uses a 
maximization command. The value is calculated using binary variables 𝑥𝑖,𝑗,𝑘 

which indicates if the combination is used or not. In combination with that, 
a factorized function is implemented with the total area of the short side of 
the package for each combination, the shortest length identified in a 
previous sub-model for each combination, and the lowest price for each 
combination, which was also identified in a previous sub-model. 

The constraint (4.27) ensures that, for each mix of trays in a combination, 
the sum is always one. This is done by summarizing the binary variables 𝑥𝑖,𝑗,𝑘 

and setting the result equal to one. This is done by counting the indices and 
the reoccurrence of them. 

Function (4.28) tests if the total fill rate for each combination exceeds the 
minimum limit of 30 percent. Function (4.29) tests if total fill rate for each 
combination undershoots 100 percent. 

Function (4.30) sets the variables 𝑥𝑖,𝑗,𝑘 and 𝐹𝑏𝑖,𝑗,𝑘 as binary, making the 

model an LP-problem. 

The summations (4.31), (4.32), (4.33), (4.34), and (4.35) saves the total area 
for each combination with regard to the mix of indices (i,j,k). 

The summations (4.36), (4.37), (4.38), (4.39), and (4.40) saves the total fill 
rate for each combination with regard to the mix of the indices (i,j,k). 

Function (4.41) decides which the maximum and minimum limits of fill rate 
are, which in this case is 30 percent respectively 100 percent. 
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5 Results 
In chapter 5.1 – 5.3, the results of this study is presented, where first, the 
current state is presented as a result of the semi-structured interviews. Later, 
the results of the quantitative data collection is presented as well as the results 
from the optimization. 

5.1 Current State 

The results of the interview that was held with the quality manager of the 
case organization resulted in the identification of the problem, the reasons 
to why it arises, the actions needed to overcome the problem and the effects 
of the problem. 

The process of sorting timber is complicated as all aspects must be taken 
into consideration such as length, crookedness, tapering, amount of twigs, 
the size of the twigs, density, rot, discoloration, moisture and other aspects. 
The sorting is done automatically by optimization programs and is done in 
modules. An order consists of a certain amount of planks and boards, and 
each piece is assigned with a quality code based on all of the previously 
mentioned factors. On beforehand, it is uncertain exactly how much will be 
sorted into a certain quality. The timber is sorted into different trays based 
on their assigned quality and length, where pieces with the same quality and 
length are placed together to form a full package when the tray reaches its’ 
full capacity. 

When an order comes to an end, there are no more incoming products to the 
sorting process. This means that the filling of the trays comes to a stop and 
each tray will have a fill rate between 0 percent and 100 percent. This is 
where the research problem has its roots. 

The problem being addressed in this study is a result of a certain logistical 
implication. The problem is located in a section of the production line where 
the sorted products are packaged and strapped. The problem arises because 
of a limitation in the height of packages that are transported out of the 
building. The reasons to why the package must have a minimum height of 30 
percent and not exceed 100 percent are the following according to the 
interviewee: 

“The strapping machine can only strap packages with a certain height due to 
a constraint in the form of the press not being able to reach all the way to the 
ground.” 

“Another reason to why all packages must have a certain height is that they 
must be able to be handled by a forklift. If a package is too small, it is hard to 
stack packages on top of each other and the handling would simply be 
inefficient if the packages were too small.” 
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“Another reason to why the packages must exceed a certain limit is that a 
specification containing all necessary information must be attached to the side 
of the package” 

The product specification is approximately 20 cm high and 55 cm long. The 
product specification is illustrated in figure 5.1. 

Figure 5.1. Product specification. 

“Considering all of these factors, the minimum height is set to be 30 percent, 
which also is approximately 31 cm.” 

A result of having a constraint in the production line in the form of 
establishing a minimum height in all packages, there are certain situations 
where the packages cannot be stacked and strapped. 

The problem arises when each order comes to an end, and the fill rate of one 
or more trays does not exceed the minimum limit. The solution to the 
problem is a manual process where the operator is faced with a difficult 
decision. 

If a package has a fill rate above 30 percent, they can be packaged and 
strapped, and finally be delivered to the customer. However, if the package 
does not exceed this limit, they must be combined with another package to 
reach a higher fill rate and exceed the limit, which results in the problem 
being solved. However, this has some side effects. If two packages are 
combined, the organization automatically lose money. 

When two packages are combined, and they have either a different length or 
a different quality. The package created by the combination will always 
assume the lowest value for both the length and quality. This is caused by 
the fact that a package can only be assigned with one length and one quality. 
The process of assigning the correct length and quality for each combination 
is illustrated in figure 5.2. A larger version of figure 5.2 can be found in 
appendix F. 
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Figure 5.2. Length and Quality Assignment. 

The costs of downgrading quality and length are depending on which trays 
that are combined. For example, if you have two options, where one 
combination leads to no quality downgrade, but a rather big downgrade in 
length for one of the packages resulting in a loss of 700 kr. The other option 
is that you have two trays with the same length, but you need to downgrade 
the quality, resulting in a loss of 280 kr. It is impossible for the operator to 
know the losses that are generated from the different combinations, but the 
losses can be somewhat estimated by experienced operators. 

The goal with the organization is to keep the utilization of the products to a 
maximum. Which leads to that the purpose of each combination is to 
minimize the losses that are caused by the downgrading of quality and 
length. However, it is impossible for the operators to calculate which 
combinations that result in the lowest loss. This is why a framework was 
established where the operators should if possible, combine trays that have 
the same quality and only downgrade the length, as long as the loss in length 
is moderately low. 

So each combination is simply an estimation from the operator staying 
within the lines of a framework, trying to minimize the losses in the process. 

There are approximately 3500 orders run each year. This means that this 
process is run the same amount of times. 

5.2 Data Collection 

The data that was collected contain the information that is available to the 
operator. This includes the volume, fill rate, quality, and length. All this 
information is necessary for calculating the value and making the decision 
of which trays that should be combined if the fill rate of any package does 
not exceed the minimum limit. 

The first scenario is presented in table 5.1, and the rest of the results from 
the data collection can be found in appendix D. 
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Table 5.1. Scenario 1 from data collection. 

 

 

 

 

 

 

 

 

5.3 Optimization 

The results of the optimization produced by the model are presented in table 
5.2 – 5.31. The tables show the different combinations that the model 
suggested together with the combinations that were performed by the 
operator. Together with the different combinations for each scenario, the 
economic value for each case is presented. 

An example is scenario one which is presented in table 5.2. The model 
suggested that tray 1 should be combined with tray 8, trays 2 should be 
combined with tray 5, tray 6 can be packaged individually, tray 9 should be 
combined with tray 12, and tray 13 and 14 can be packaged individually. The 
operator on the other hand combined tray 1, 9, 12, and 15 is one 
combination, ran tray 4 on its own, combined tray 5 with 11 and so on. 

Every scenario is using the data that was collected and presented in 
appendix D. 

 

 (𝑚3) (%) (𝑘𝑟/𝑚3)  (𝑚) (𝑚2) 
Scenario 1 tVOLUME tFILL tPRICE tQUALITY tLENGTH tAREA 

TRAY1 0,247 5,1% 1330 2103 4,2 0,059 

TRAY2         -              -              -              -                 -              -       

TRAY3         -              -              -              -                 -              -       

TRAY4 1,777 34,2% 1790 1301 4,5 0,395 

TRAY5 0,960 19,8% 1790 1301 4,2 0,229 

TRAY6         -              -              -              -                 -              -       

TRAY7 5,411 97,6% 1330 2103 4,8 1,127 

TRAY8 1,802 28,9% 1040 107 5,4 0,334 

TRAY9 0,478 9,2% 1330 2103 4,5 0,106 

TRAY10         -              -              -              -                 -              -       

TRAY11 1,361 23,1% 1790 1301 5,1 0,267 

TRAY12 3,216 54,6% 1330 2103 5,1 0,631 

TRAY13 2,395 43,2% 1790 1301 4,8 0,499 

TRAY14 1,148 18,4% 1790 1301 5,4 0,213 

TRAY15 0,212 3,4% 1330 2103 5,4 0,039 

Scenario 1 Model Operator 

Combination 1 1 & 8 1,9,12&15 

Combination 2 2 & 5 4 

Combination 3 6 5 & 11 

Combination 4 9 & 12 7 

Combination 5 13 8 & 14 

Combination 6 14 13 

Combination 7 -  
Value    27 611,97 kr     26 120,82 kr  

Table 5.2. Results for Scenario 1. 

Scenario 2 Model Operator 

Combination 1 1 & 8 1, 9 & 12 

Combination 2 2 & 5 2, 5 & 8 

Combination 3 6 6 

Combination 4 9 & 12 13 

Combination 5 13 14 

Combination 6 14 - 

Value    35 922,14 kr     34 592,52 kr  

Table 5.3. Results for Scenario 2. 
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Scenario 3 Model Operator 

Combination 1 1 1 

Combination 2 4 & 10 4 

Combination 3 5 & 7 5 & 10 

Combination 4 8 & 15 7 

Combination 5 9 & 13 8 

Combination 6 14 9 & 15 

Combination 7 - 13 

Combination 8 - 14 

Value    36 239,72 kr     36 059,17 kr  

  Table 5.4. Results for Scenario 3. 

Scenario 4 Model Operator 

Combination 1 1 1 

Combination 2 3 3, 4, & 13 

Combination 3 4 & 13 6 

Combination 4 6 7 

Combination 5 7 10 

Combination 6 10 11 

Combination 7 11 & 14 14 

Combination 8 15 15 

Value    27 631,76 kr     25 828,29 kr  

Table 5.5. Results for Scenario 4. 

Scenario 5 Model Operator 

Combination 1 2 & 6 2, 4 & 6 

Combination 2 3 & 15 3 & 5 

Combination 3 4 & 12 7 

Combination 4 5 11 

Combination 5 7 12 & 15 

Combination 6 11 13 

Combination 7 13                   -       

Value   24 783,17 kr    24 384,37 kr  

Table 5.6. Results for Scenario 5. 
 

 

Scenario 6 Model Operator 

Combination 1 4 & 14 1,4,8,9&14 

Combination 2 6 6 

Combination 3 8, 1 & 9 10 

Combination 4 10 13 

Combination 5 13                   -       

Value   29 675,60 kr    29 309,71 kr  

Table 5.7. Results for Scenario 6. 

Scenario 7 Model Operator 

Combination 1 1, 12 & 14 1 & 14 

Combination 2 2 & 13 2 & 13 

Combination 3 3 3,6 

Combination 4 4, 8 & 6 4 & 8 

Combination 5 7 7 & 12 

Value   20 231,83 kr    18 342,95 kr  

Table 5.8. Results for Scenario 7. Table 5.9. Results for Scenario 8. 

Scenario 8 Model Operator 

Combination 1 1,8 & 10 1, 8 & 10 

Combination 2 4 & 5 4 & 5 

Combination 3 6 6 

Combination 4 9 9 

Combination 5 12 12 

Combination 6 13 13 

Value   32 535,56 kr     32 535,56 kr  
 



Optimization combined with process mapping for maximizing product utilization 
- Investigating the utilization of products in sawmills, a case study 
Jonas Höglund                                                                                       2018-06-20 

48 

Scenario 9 Model Operator 

Combination 1 1 1 & 8 

Combination 2 2 & 4 2, 3 & 4 

Combination 3 3 & 8 5 

Combination 4 5 6 

Combination 5 6 7 

Combination 6 7 9 

Combination 7 9 10 

Combination 8 10                   -       

Value   27 750,34 kr    26 461,24 kr  

Table 5.10. Results for Scenario 9. 
 

 

Scenario 10 Model Operator 

Combination 1 3 & 10 3, 5 & 8 

Combination 2 4 4 

Combination 3 5 & 8 6 & 14 

Combination 4 6 & 14 10 

Combination 5 11 & 12 11 & 12 

Combination 6 15 15 

Value   34 606,69 kr    34 187,63 kr  

Table 5.11. Results for Scenario 10. 

Scenario 11 Model Operator 

Combination 1 2 2 

Combination 2 4 4 

Combination 3 6 6 

Combination 4 7 & 10     7,8,10 & 14 

Combination 5 8 & 14 9 

Combination 6 9                   -       

Value   21 575,87 kr    20 271,42 kr  

Table 5.12. Results for Scenario 11. 

Scenario 12 Model Operator 

Combination 1 1 1 

Combination 2 2 2 

Combination 3 3 3 

Combination 4 4 & 7 4 & 14 

Combination 5 5 5 

Combination 6 6,15 6 & 7 

Combination 7 9 & 11 9 

Combination 8 13 11 & 15 

Combination 9 14 13 

Value   44 737,95 kr    43 396,41 kr  

Table 5.13. Results for Scenario 12. 
 

 
 

Scenario 13 Model Operator 

Combination 1 1, 4 & 5 1, 2 & 12 

Combination 2 2 3 & 4 

Combination 3 3 & 12 5 & 7 

Combination 4 7 8 

Combination 5 8 9 

Combination 6 9 14 

Combination 7 14                   -       

Value   29 802,91 kr    27 015,85 kr  

Table 5.14. Results for Scenario 13. 

Scenario 14 Model Operator 

Combination 1 1, 11 & 12     1,3,11 & 12 

Combination 2 2 2 

Combination 3 3 & 10 4 

Combination 4 4 7 

Combination 5 7 8 

Combination 6 8 9 

Combination 7 9 10 

Value   29 838,82 kr    29 801,66 kr  

Table 5.15. Results for Scenario 14. 
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Scenario 15 Model Operator 

Combination 1 2 2 

Combination 2 4 4 

Combination 3 6 6 

Combination 4 7 & 10 7 & 8 

Combination 5 8 & 14 10 & 14 

Combination 6 9 9 

Value   21 575,87 kr    21 366,40 kr  

 Table 5.16. Results for Scenario 15 

Scenario 16 Model Operator 

Combination 1 2 2, 6 & 14 

Combination 2 4, 6 & 9 4 & 9 

Combination 3 7 7 

Combination 4 8 & 13 8 

Combination 5 10 & 14 10 & 13 

Value   19 306,18 kr    17 834,08 kr  

Table 5.17. Results for Scenario 16. 

Scenario 17 Model Operator 

Combination 1 1 & 2 1 & 4 

Combination 2 3 2, 7 & 11 

Combination 3 4 & 15 3 

Combination 4 5 & 7 5 & 14 

Combination 5 6 & 11 6 & 15 

Combination 6 9 9 

Combination 7 13 13 

Combination 8 14                   -       

Value   30 831,19 kr    25 903,74 kr  

Table 5.18. Results for Scenario 17. 

Scenario 18 Model Operator 

Combination 1 1 & 14 1 & 4 

Combination 2 2, 4 & 5 2 & 9 

Combination 3 3 & 7 3 

Combination 4 8 & 9 5, 7 & 8 

Combination 5 12 12 

Combination 6                   -       14 

Value   17 517,49 kr    16 515,22 kr  

Table 5.19. Results for Scenario 18. 

Scenario 19 Model Operator 

Combination 1 1, 8 & 9 1 & 4 

Combination 2 4 & 14 6 

Combination 3 6 8, 9 & 14 

Combination 4 11 11 

Combination 5 12 12 

Value   23 245,55 kr    23 121,38 kr  

Table 5.20. Results for Scenario 19. 

Scenario 20 Model Operator 

Combination 1 1, 12 & 14 1 & 4 

Combination 2 2 & 13 2, 6 & 13 

Combination 3 3 & 8 3,8,12 & 14 

Combination 4 4 & 6 7 

Combination 5 7                   -       

Value   14 563,15 kr    13 199,77 kr  

 Table 5.21. Results for Scenario 20. 

Scenario 21 Model Operator 

Combination 1 1 & 4 1, 4 & 12 

Combination 2 2 2 

Combination 3 3, 5 & 12 3 

Combination 4 7 5, 8 & 14 

Combination 5 8 & 14 7 

Combination 6 9 9 

Value   21 864,60 kr    21 474,58 kr  

Table 5.22. Results for Scenario 21. 

Scenario 22 Model Operator 

Combination 1 2, 7 & 14 2 

Combination 2 3 3 

Combination 3 4 4 

Combination 4 5 5 

Combination 5 6 6, 7 & 14 

Combination 6 10 10 

Combination 7 11 11 

Combination 8 13 13 

Value   37 585,81 kr    36 806,70 kr  

 Table 5.23. Results for Scenario 22. 
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Scenario 23 Model Operator 

Combination 1 1, 5 & 9 1, 5, 9 & 15 

Combination 2 4 & 14 4 & 14 

Combination 3 6 6 

Combination 4 8 & 15 8 & 10 

Combination 5 10 & 13 11 

Combination 6 11 13 

Value   23 606,08 kr    22 724,28 kr  

Table 5.24. Results for Scenario 23. 

Scenario 24 Model Operator 

Combination 1 1 1 & 2 

Combination 2 2, 5 & 7 3 & 6 

Combination 3 3 & 15 4 

Combination 4 4 5, 7 & 11 

Combination 5 6 & 11 9 

Combination 6 9 15 

Value   26 557,35 kr    24 880,20 kr  

 Table 5.25. Results for Scenario 24. 

Scenario 25 Model Operator 

Combination 1 1 1 

Combination 2 2 & 3 2 & 5 

Combination 3 4 3 & 7 

Combination 4 5 & 7 4 

Combination 5 6 6 

Combination 6 14 14 

Value   18 952,12 kr    18 841,28 kr  

Table 5.26. Results for Scenario 25. 

Scenario 26 Model Operator 

Combination 1 1 1 

Combination 2 2 2 

Combination 3 3 & 14 3 

Combination 4 4 & 11 4, 11 & 14 

Value   25 357,97 kr    25 337,19 kr  

Table 5.27. Results for Scenario 26. 

Scenario 27 Model Operator 

Combination 1 1 & 3 1 & 11 

Combination 2 2, 8 & 15 2, 3, 8 & 15 

Combination 3 6 & 14 6 & 14 

Combination 4 7 7 

Combination 5 1,13 13 

Value   18 383,46 kr    17 376,61 kr  

Table 5.28. Results for Scenario 27. 

Scenario 28 Model Operator 

Combination 1 3 & 15 3, 14 & 15 

Combination 2 8 8 

Combination 3 10 & 14 10 

Combination 4 12 12 

Combination 5 13 13 

Value   31 576,02 kr    31 197,00 kr  

 Table 5.29. Results for Scenario 28. 

 

Scenario 29 Model Operator 

Combination 1 1 1 

Combination 2 3 3 

Combination 3 6 6 

Combination 4 7, 14 & 15 7 

Combination 5 9 9 

Combination 6 10 & 13 10 & 13 

Combination 7 11 11 & 14 

Combination 8                   -       15 

Value   29 387,72 kr    29 368,50 kr  

Table 5.30. Results for Scenario 29. 

Scenario 30 Model Operator 

Combination 1 1 1 & 10 

Combination 2 2 2 

Combination 3 5 & 6 5, 6, 7 & 12 

Combination 4 7 & 12 13 

Combination 5 10 & 13                   -       

Value   30 591,92 kr    29 259,85 kr  

Table 5.31. Results for Scenario 30. 



Optimization combined with process mapping for maximizing product utilization 
- Investigating the utilization of products in sawmills, a case study 
Jonas Höglund                                                                                       2018-06-20 

51 

6 Analysis and Discussion 
In chapter 6.1 – 6.2, the analysis and discussion regarding the results of this 
research is presented. The analysis and discussion regarding the process 
identification and the optimization is presented, followed by the discussion 
regarding the reliability and validity of the study. 

6.1 Process Identification 

The purpose of developing the process map in this study was to clarify what 
actually happens when certain decisions are made. All steps of the process 
were identified and illustrated. The results of the process mapping had a big 
impact on the success of the development of the optimization model. It 
became clear that a certain approach was needed where all independent 
variables were needed to be factorized since the length and quality would be 
different depending on which trays that were included in one combination. 

In the development of the process map, it became clear that there were no 
previously existing process maps to describe the process. All of the operators 
have enough familiarity with the process based on their experience. The 
process map that was presented in the results is a description of how the 
organization functions in the organizations current state. 

6.2 Optimization 

The results from the optimization model is compared to the results of the 
manual combinations done by the operator. In table 6.1, the value of the 
different combinations are presented together with the difference between 
the two. 

It is clear that the model was more successful in finding solutions that cost 
less than the solutions performed by the operator. On average, the operator 
will use a solution that will lead to a loss of 1 044,41 kr compared to if the 
model would have been used. Considering that this process is repeated 
roughly 3500 times annually. Implementing a model like the one developed 

in this study would save the organization 1 044,41 [𝑘𝑟] ∗ 3 500 [𝑡𝑖𝑚𝑒𝑠 /

𝑦𝑒𝑎𝑟] = 3 655 448,39 [𝑘𝑟/𝑦𝑒𝑎𝑟]. 

If the amount of times this process occurs would increase, the annual cost 
will increase with is since the average cost will most likely be around 
1 044,41 kr in the future as well. 
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Table 6.1. Summary of results. 

  Model Operator Difference 

Scenario 1    27 611,97 kr     26 120,82 kr          1 491,15 kr  

Scenario 2    35 922,14 kr     34 592,52 kr          1 329,62 kr  

Scenario 3    36 239,72 kr     36 059,17 kr             180,55 kr  

Scenario 4    27 631,76 kr     25 828,29 kr          1 803,47 kr  

Scenario 5    24 783,17 kr     24 384,37 kr             398,79 kr  

Scenario 6    29 675,60 kr     29 309,71 kr             365,89 kr  

Scenario 7    20 231,83 kr     18 342,95 kr          1 888,88 kr  

Scenario 8    32 535,56 kr     32 535,56 kr                      -   kr  

Scenario 9    27 750,34 kr     26 461,24 kr          1 289,11 kr  

Scenario 10    34 606,69 kr     34 187,63 kr             419,06 kr  

Scenario 11    21 575,87 kr     20 271,42 kr          1 304,45 kr  

Scenario 12    44 737,95 kr     43 396,41 kr          1 341,54 kr  

Scenario 13    29 802,91 kr     27 015,85 kr          2 787,06 kr  

Scenario 14    29 838,82 kr     29 801,66 kr                37,16 kr  

Scenario 15    21 575,87 kr     21 366,40 kr             209,47 kr  

Scenario 16    19 306,18 kr     17 834,08 kr          1 472,09 kr  

Scenario 17    30 831,19 kr     24 903,74 kr          5 927,45 kr  

Scenario 18    17 517,49 kr     16 515,22 kr          1 002,27 kr  

Scenario 19    23 245,55 kr     23 121,38 kr             124,17 kr  

Scenario 20    14 563,15 kr     13 199,77 kr          1 363,38 kr  

Scenario 21    21 864,60 kr     21 474,58 kr             390,02 kr  

Scenario 22    37 585,81 kr     36 806,70 kr             779,11 kr  

Scenario 23    23 606,08 kr     22 724,28 kr             881,80 kr  

Scenario 24    26 557,35 kr     24 880,20 kr          1 677,15 kr  

Scenario 25    18 952,12 kr     18 841,28 kr             110,85 kr  

Scenario 26    25 357,97 kr     25 337,19 kr                20,78 kr  

Scenario 27    18 383,46 kr     17 376,61 kr          1 006,86 kr  

Scenario 28    31 576,02 kr     31 197,00 kr             379,02 kr  

Scenario 29    29 387,72 kr     29 368,50 kr                19,22 kr  

Scenario 30    30 591,92 kr     29 259,85 kr          1 332,07 kr  

Sum     813 846,78 kr      782 514,37 kr        31 332,41 kr  

Average       27 128,23 kr        26 083,81 kr          1 044,41 kr  

 
Another aspect that is of interest is the utilization of the products. When the 
utilization of each scenario is studied, it is clear exactly how much 
percentage of the stored value that is actually used. The economic utilization 
for each scenario is calculated with formula 2.1. If this formula is 
implemented on the data in table 6.1, the economic utilization for each 
scenario can be calculated for the solution generated by the model and the 
solution performed by the operator. The results of these calculations are 
presented in table 6.2. 
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The difference between the two is simply calculated by taking the utilization 
in the model and subtracting that value with the utilization of the utilization 
in the solution performed by the operator. 

Table 6.2. Results, economic utilization. 

 Model Operator Difference 

Scenario 1 97,67% 92,39% 5,28% 

Scenario 2 98,73% 95,08% 3,65% 

Scenario 3 98,90% 98,40% 0,50% 

Scenario 4 99,62% 93,12% 6,50% 

Scenario 5 99,46% 97,86% 1,60% 

Scenario 6 99,33% 98,11% 1,22% 

Scenario 7 96,99% 87,94% 9,05% 

Scenario 8 98,05% 98,05% 0,00% 

Scenario 9 99,67% 95,04% 4,63% 

Scenario 10 99,04% 97,84% 1,20% 

Scenario 11 93,21% 87,58% 5,63% 

Scenario 12 98,97% 96,00% 2,97% 

Scenario 13 98,41% 89,21% 9,20% 

Scenario 14 95,81% 95,81% 0,00% 

Scenario 15 95,94% 95,01% 0,93% 

Scenario 16 93,54% 86,41% 7,13% 

Scenario 17 96,45% 81,04%    15,41% 

Scenario 18 92,47% 87,56% 4,91% 

Scenario 19 99,09% 98,56% 0,53% 

Scenario 20 93,37% 84,63% 8,74% 

Scenario 21 97,11% 95,38% 1,73% 

Scenario 22 96,61% 94,61% 2,00% 

Scenario 23 96,32% 92,72% 3,60% 

Scenario 24 96,32% 89,60% 6,72% 

Scenario 25 95,32% 94,76% 0,56% 

Scenario 26 98,64% 98,56% 0,08% 

Scenario 27 92,94% 87,85% 5,09% 

Scenario 28 99,02% 97,83% 1,19% 

Scenario 29 97,01% 96,95% 0,06% 

Scenario 30 98,69% 94,39% 4,30% 

Sum 2912,70% 2798,29% 114,41% 

Average 97,09% 93,17% 3,81% 

 

It is clear when reviewing this data that the utilization of the products 
increased with a percentage of 3,81 percent when using the model. This 
means that the utilization increased by 4,2 percent, equation 6.1. 
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 97,09%

93,17%
= 1,042 

(6.1) 

An increase of 3,81 percentage in this specific process is not crucial for the 
survival of the organization, and compared with the total annual revenue, it 
is almost unnoticeable. However, this does not mean that the results of 
implementation this model is insignificant to the organization as it still 
includes quite a lot of money. As the case organization strives towards an 
optimal operation, this particular increase of utilization will most probably 
be welcome. 

For a more effective comparison of the utilization of the model and the 
utilization of the operator, illustration 6.1 was created which show the 
utilization in the form of a column chart where the green columns show the 
utilization of the solutions suggested by the model. The blue columns 
represent the solution created by the operator. 

Illustration 6.1. Utilization comparison, column chart. 

If we study all cases carefully, we can see that there is only one scenario 
(scenario 13) in which the model and operator share the same solution. 
However, there is no scenario where the operator suggested a solution that 
was better than the one that the model did. This indicated that the model is 
fully functional. 
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One of the reasons to why the loss is as big as it is in the current state of the 
organization could be that it is a rather complicated process and it is difficult 
for the operators to merely estimate which combinations that are the most 
beneficial for the organization to obtain an optimal utilization of the 
products. Another reason that does not help the operator in the process of 
combining trays is that the environment is rather loud and time is always of 
the essence. The operator has approximately 30 seconds to make a decision 
of the first combination in order to keep the flow constant. The model takes 
approximately 8 seconds to find the optimal solution, which would leave the 
operator plenty of time to perform the different combinations if the model 
were to be implemented into the organization. 

A limitation to the model is that it can only combine three different trays into 
one combination. There are surely many situations where a more optimal 
could have been found where four trays are combined and the losses are 
lower. There can only be speculation regarding how much the losses of only 
allowing three trays in one combination until a larger model is developed 
and tested upon. 

One aspect regarding social and ethical issues that should be mentioned is 
one regarding the effects that the organization would have if this model or a 
similar one would be implemented in the process that is studied. As this 
would lead to one work task less than before for the operator, it would 
automatically lead to a smaller workload and thereby decrease the stress in 
the operators of the sawmill. However, digitalization and automatization has 
resulted in many people within the industry losing their jobs as their work 
tasks can be performed better and faster by using machines and computers. 
In the process that this study was performed, there are still many steps that 
must be taken for a replacement of personnel. But it is a step in that direction 
that should be mentioned. 
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7 Conclusion 
The purpose of this research was to map out the current state of the process 
when combining trays of timber in sawmills, with the goal to develop an 
optimization model in order to increase the utilization of the products and 
as a result of that, minimize the losses that occur in this specific process. 

The main research question of this study was: 

MRQ:“How can costs be minimized in modern sawmills in the process of 
combining trays of timber at the end of each order?”’ 

It became clear that by implementing a mathematical model based on 
process mapping, the costs can be minimized, or at least lowered. One of the 
supporting sub-questions were to identify which parameters that impacts 
the target variable, and in the qualitative part of the study, the parameters 
that affect the target variable were identified as quality, and volume, which 
in this study was translated as the relation between the total length and the 
total area of the short side of a package. The cause of the research problems 
was identified to be a limitation in the height if the delivered packages. 

To answer the main research question, three sub-questions were 
formulated, where the first sub-questions was: 

SQ1:“What limitations are there in the process of combining trays of timber?” 

The first sub-question was answered rather early in this study, and appeared 
to be that the main limitation in this process was the height of the packages. 
A minimum height is set to 30 percent on all packages that are to be 
delivered. 

The second sub-question that was formulated in order to answer the main 
research question was: 

SQ2:“What parameters impacts the target variable?” 

The answer to the second sub-question was that the parameters that impact 
the target variable, being economic value, is mainly the volume and the 
quality of the package. Since the volume is dependent on the length and the 
area of the short side of the package, they were identified to be the 
independent variables affecting the target variable. 
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The purpose of the third research question was formulated to investigate the 
effect of the main research question. 

SQ3:“How does the results of the organization compare to an optimal result?” 

The third research question was answered by compiling a few scenarios that 
were made manually and compare them with the suggestions generated 
with the model. The results of the study concludes that linear programming 
can be based on traits in specific cases and then be implemented for solving 
problems and optimizing the process. In this specific case, the utilization of 
the products increased with a percentage of 3,81 percent. Given the average 
value of the difference between the optimization model and the operators’ 
solutions, an estimate of how much money that can be saved by 
implementing the model developed in this study was calculated to be 
3 655 448,39 kr per year. 

The process mapping and description of the current state of the organization 
helped in identifying which parameters and important aspects that were 
required to take into consideration in the continuation of the study. More 
specifically it helped in the configuration and structure of the optimization 
model. The implementation of the model developed in this study is expected 
to increase the utilization and ease the workload on the operators as it would 
mean one work task lesser. 

Another interesting fact was that the process of developing the optimization 
model was in line with the process presented by Lundgren et al. (2008).  

7.1 Recommendations to the case organization 

The recommendations to the case organization regarding the research 
problem is to implement the model that was developed in this research to 
minimize the losses in their organization and increase the utilization of their 
products. There may be some alterations needed for it to work integrated 
with the other systems of the organizations, but it should be possible since 
the model uses parameters that is known to the other systems. 

Aside from implementing the model, the use of process mapping can clarify 
the steps of the process, not only in the process that is dealt with in this study, 
but also others. According to Ljungberg et al. (2012), a process map 
describing a process can help in describing the workflow and the purpose of 
each process. It can also provide with a general perspective in an 
organization, partly by describing the flows within the organization and 
partly by describing the contribution of each process. In the current state of 
the organization, the work tasks are done in a certain way because of the 
experience of more experienced operators or workers. The routines that are 
created are mediated upon new employees or interns directly by the more 
experienced. This could lead to an unclear image of why things are as they 
are without any further explanation. 
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7.2 Reliability 

The graphical illustration of the process was validated by multiple operators 
and other people in management at the sawmill. This was done to amend 
any errors or misconceptions and to make sure that the final results 
resemble how the actual process actually looks. The presented process map 
is therefore considered to be reliable. 

The collection of data was done by the researcher photographing the screen 
that is available to the operator while they are making their decision. Since 
the data that is presented is precise, and can be recreated to 100 percent 
accuracy on the researchers’ computer, there were no measurement 
uncertainties in that aspect. If more scenarios were to be included in the 
study, the reliability of the result would increase, but the limitations of the 
study did not allow more scenarios to be included. 

7.3 Validity 

The model developed in this study is based on the information gathered in 
this study, more specifically the process map that was developed in the 
qualitative part of the study. All of the parameters used in the model are 
general, and it would definitely be possible for other sawmills to implement 
the model with only minor tweaks as long as the process is identical or at 
least similar. The researcher communicated with three other sawmills and 
could establish that this process was identical on all of them. To validate the 
accuracy of the model, the solution was validated by an employee to make 
sure that the solution was allowed. Another aspect that was taken into 
consideration was that only relevant information was exported from the 
solution report in the optimization program so that the solution would not 
be misinterpreted. 

The validity of a study is about if the study has measured what was intended 
to measure. Given the purpose of the study, to see whether an optimization 
model could help the organization in minimizing the losses in combining 
trays of timber, it is clear that the organization would take a big step towards 
minimizing its’ losses in the process of combining trays of timber. 
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7.4 Suggestions for future research 

Development of the optimization model is one of the suggestions for future 
research within this area. The model can be developed in the way of allowing 
more trays within one combination and thereby increasing the possibilities 
of increasing the utilization for the organization. In this model, the model 
tests 153 = 3375 different combinations and find the optimal mix between 
them. If every sawmill would have 15 trays, the ultimate model would be 
able to combine all trays together resulting in 1515 = 4,38 ∗ 1017 ≈
438 quadrillion different combinations. This would most certainly take too 
long to find a solution. However, there is room for improvement. There may 
be more aspects that is not included in this study that can be taken into 
consideration as well. 

Further collection of data can be done in the form of more scenarios being 
collected to run either the model developed in this thesis or a more 
developed model. More scenarios would increase the validity of the research 
as the increase the average losses will be more accurate and the conclusions 
thereby more accurate. 

It would also be interesting to see if a similar approach could be used to solve 
other problems, where there is a decision which impacts the economic result 
of the organization. 
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 Appendix A: Informed Consent Form 
Title of research project: Optimization in utilization of sorted products in 
sawmills  
Name and position of researcher: Jonas Höglund, Final year student, 
Mid Sweden University, Sundsvall 
E-main: joho1304@student.miun.se 
Phone: +4676-7740555 
 
This study is to explore the possibilities to optimize a process that has not 
previously been optimized in any way, and as a result, research the possible 
benefits that sawmills can draw from using an optimization model as the one 
developed in this study. The purpose of the study is to identify the problem 
and formulate a model. The participants of this are employees with much 
knowledge about the process that is to be optimized. 
 
The participants of this study will be asked questions regarding the process 
and the effects of it not being optimized. Those participating in the study will 
be granted anonymity, and can withdraw their participation at any point of 
the study. 
The interviews will be recorded on the researchers’ mobile phone and the 
only person handling the “raw data” will be the researcher (Jonas Höglund).  
 
- I confirm that I have read and understand the information sheet for this 
study and have the opportunity to ask questions. 
- I understand that my participation is voluntary and that I am free to 
withdraw my participation without explanation. 
- I agree to take part at the study. 
- I agree to the interviewer recording the interview on a mobile device. 
- I agree to the use of any anonymous quotes in publication of this study. 
The estimated time for the interviews is 20 minutes. 
 
                         
                                                                  Date: _______________________________ 
 
                              Signature of participant: _______________________________ 
 
Jonas Höglund (researcher)   Signature: _______________________________ 
  

mailto:joho1304@student.miun.se
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 Appendix B: Interview Protocol 
Before the start of the interview, the researcher will make a quick check that 
the interviewee has understanding about what the study is aimed at and that 
the researcher and the interviewee are on the same page in terms of ethics. 
The only participant in this interview is an employee with good knowledge 
regarding the process. 

If some questions are answered in a way that is not satisfactory to the 
researcher, the questions will be reformulated. 
 
Structure of the interview: 
 
Q1: Where is the problem located in the organization? 
 
Q2: What is the cause of the problem that is to be studied? 
 
Q3: How is the problem solved in todays’ state of the organization? 
 
Q4: What are the effects of the problem?  
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 Appendix C: Interview Transcript 
 

Researcher 
“How would you describe the problem that is to be researched in this 

thesis?” 

Respondent 
“Well, we have a sorting process that is rather complicated as there are 

many aspects to take into consideration such as length, crookedness, 
tapering, the amount of twigs, the size of the twigs, density, rot, 

discoloration, and moisture. There may be more that I have forgotten but 
there are a lot. The sorting process is done automatically using a program 
that looks at each individual plank and evaluates it with all of these factors 
in consideration. As a result of the sorting process, the planks and boards 

are assigned with a quality code and a length. 

On beforehand it is not known how much wood that will be sorted into a 
certain quality or length. We only know that a certain volume of products 

must be sorted and packaged. The sorting is done in modules where all 
planks have the same dimension. 

After the planks have been assigned a length and quality, they are placed in 
a tray with the matching data so that all similar planks are placed together. 
As the trays keep filling up, they eventually reach a fill rate of 100 percent, 
at which a full package can be stacked and packaged, and finally delivered 

to the customer. 

When the sorting and the adjusting of the products in the sawmill is 
completed and an order has come to an end, there are almost always 

certain amount of products that is leftover with the same dimension that 
needs to be packaged even though they might not reach the size of a full 

package.” 

Researcher 
“So when an order comes to an end, the trays are not always full?” 

Respondent 
“That’s right, they often have a fill rate between the intervals of: 0% ≤
𝑓𝑖𝑙𝑙 𝑟𝑎𝑡𝑒 ≤ 100%. And in order to handle the packages practically, they 

must exceed a limit of 30 percent fill rate.” 
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Researcher 
“Why is that?” 

Respondent 
“There are many reasons to why the packages must exceed that specific 

limit. One of which being the press in the strapping machine. The strapping 
machine can only strap packages with a certain height due to a constraint 
in the form of the press not being able to reach all the way to the ground. 

Another reason to why all packages must have a certain height is that they 
must be able to be handled by a forklift. If a package is too small, it is hard 
to stack packages on top of each other and the handling would simply be 

inefficient if the packages were too small. 

Another reason to why the packages must exceed a certain limit is that a 
specification containing all necessary information must be attached to the 
side of the package. Considering all of these factors, the minimum height is 

set to be 30 percent, which also is approximately 31 cm.” 

Researcher 
“What if one of the trays have a fill rate below this limit, what happens 

then?” 

Respondent 
“Well, if nothing is done with the package, it needs to be carried out by 

hand and be scrapped since it would be impossible to handle. And nobody 
wants that, not the workers and not the management, since it is both a 

waste in workforce and a waste in money.” 

Researcher: 
“How is this problem solved today?” 

Respondent 
“Today, it is solved by the operator to make a reasonable decision 

combining trays of timber so that each package reach the lower limit of 30 
percent fill rate. It must also be taken into consideration that the fill rate of 
a combination may not exceed 100 percent. If a package would exceed the 

maximum limit, we would have the problem as before.” 

Researcher 
“What are the results of trays being combined into one larger package?” 

Respondent 
“The rule is that to be honest to the customer, if multiple trays of timber are 

combined into one package, we let the entire package assume the same 
quality as the one that is the lowest in the combination. 
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One package can only be assigned with one quality and one length, which is 
another reason to why the lowest quality in a combination must be chosen, 

together with the lowest length in a combination between multiple 
packages. This means that as soon as one package is below a fill rate of 30 
percent, we automatically lose money in the form of either downgrading 

quality or length. 

There are three different scenarios to how this problem can be solved. One 
being that we combine packages with the same quality and we cut one 

package to a lower length to match the other so that they have the same 
length and therefore be packaged together. The other scenario would be 

that packages of the same length but different qualities are combined, 
where we do not need to cut the packages to match each other lengths, but 
we must downgrade the quality of the higher to the lower so that they have 

the same quality code when packaged. The last scenario would be when 
combining packages that have different length and quality, where both the 
length and the quality must be downgraded. However, no matter how we 
do this, we will always lose money. But it is up to the operator how much 
money we lose, since different combination will lead to smaller or larger 

losses.” 

Researcher 
“How can the operator know how to solve these problems, since it seems to 
be quite complicated just to make an estimation to which combination that 

result in the smallest losses?” 

Respondent 
“The rule of thumb for the operator to follow is that if two trays that have 

the same quality can be combined and the length must be cut on one 
package, the trays should be combined. If this can’t be done, the operator 

should combine trays that share the same lengths’ but have different 
qualities. 

It is a constant balance in how to approach this problem as each scenario is 
unique and often require new solutions. It is simply an estimation by the 

operator which combinations that result in the lowest loss. There is 
absolutely not any type of calculations performed in this process.” 

Researcher 
“Do the operators know which qualities that are worth more than the 

other?” 

Respondent 
“I think that most operators have a somewhat clear image of which 

qualities that are better than others. If not, it would only increase the 
difficulty of making a qualified combination.” 
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Researcher 
“How do you think that you are doing in the current state of the 

organization in the form of minimizing the losses that are caused by the 
different combinations?” 

Respondent 
“I would estimate that we are doing decent. I know that the process is not 
optimal, and in some cases terrible. This is probably caused by both stress 

and complexity of the problem. 

We are not certain of the potential of this project, but we know that there 
are room for improvement and it would be interesting to see exactly how 

much we lose in comparison with a model that suggest an optimal 
solution.” 

Researcher 
“How many times would you estimate that this process is performed 

annually?” 

Respondent 
“Roughly, I would say that the process is performed around 3500 times per 

year.” 
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 Appendix D: Product Data 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 (𝑚3) (%) (𝑘𝑟/𝑚3)  (𝑚) (𝑚2) 
Scenario 1 tVOLUME tFILL tPRICE tQUALITY tLENGTH tAREA 

TRAY1 0,247 5,1% 1330 2103 4,2 0,059 

TRAY2         -              -              -              -                 -              -       

TRAY3         -              -              -              -                 -              -       

TRAY4 1,777 34,2% 1790 1301 4,5 0,395 

TRAY5 0,960 19,8% 1790 1301 4,2 0,229 

TRAY6         -              -              -              -                 -              -       

TRAY7 5,411 97,6% 1330 2103 4,8 1,127 

TRAY8 1,802 28,9% 1040 107 5,4 0,334 

TRAY9 0,478 9,2% 1330 2103 4,5 0,106 

TRAY10         -              -              -              -                 -              -       

TRAY11 1,361 23,1% 1790 1301 5,1 0,267 

TRAY12 3,216 54,6% 1330 2103 5,1 0,631 

TRAY13 2,395 43,2% 1790 1301 4,8 0,499 

TRAY14 1,148 18,4% 1790 1301 5,4 0,213 

TRAY15 0,212 3,4% 1330 2103 5,4 0,039 

 (𝑚3) (%) (𝑘𝑟/𝑚3)  (𝑚) (𝑚2) 
Scenario 2 tVOLUME tFILL tPRICE tQUALITY tLENGTH tAREA 

TRAY1 0,531 9,1% 1330 2103 5,1 0,104 

TRAY2 1,190 21,7% 1530 106 4,8 0,248 

TRAY3         -              -                 -                 -                 -                 -       

TRAY4         -              -                 -                 -                 -                 -       

TRAY5 1,392 26,7% 1530 106 4,5 0,309 

TRAY6 4,610 95,0% 1330 2103 4,2 1,098 

TRAY7         -              -                 -                 -                 -                 -       

TRAY8 1,640 27,8% 1530 106 5,1 0,322 

TRAY9 2,502 45,1% 1820 291 4,8 0,521 

TRAY10         -              -                 -                 -                 -                 -       

TRAY11         -              -                 -                 -                 -                 -       

TRAY12 0,201 3,4% 1820 291 5,1 0,039 

TRAY13 4,973 95,6% 1820 291 4,5 1,105 

TRAY14 5,958 95,6% 1530 106 5,4 1,103 

TRAY15         -              -              -              -                 -              -       

 (𝑚3) (%) (𝑘𝑟/𝑚3)  (𝑚) (𝑚2) 
Scenario 3 tVOLUME tFILL tPRICE tQUALITY tLENGTH tAREA 

TRAY1 3,461 58,7% 1530 106 5,1 0,679 

TRAY2         -              -                 -                 -                 -                 -       

TRAY3         -              -                 -                 -                 -                 -       

TRAY4 3,429 65,9% 1530 106 4,5 0,762 

TRAY5 0,232 4,7% 1530 106 4,2 0,055 

TRAY6         -              -                 -                 -                 -                 -       

TRAY7 4,160 85,7% 1330 2103 4,2 0,990 

TRAY8 3,561 68,4% 1850 291 4,5 0,791 

TRAY9 1,732 27,8% 1850 291 5,4 0,321 

TRAY10 1,198 21,3% 1530 106 4,8 0,250 

TRAY11         -              -                 -                 -                 -                 -       

TRAY12         -              -                 -                 -                 -                 -       

TRAY13 2,910 49,4% 1850 291 5,1 0,571 

TRAY14 2,102 36,7% 1330 2103 5,1 0,412 

TRAY15 0,222 4,0% 1850 291 4,8 0,046 
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 (𝑚3) (%) (𝑘𝑟/𝑚3)  (𝑚) (𝑚2) 
Scenario 4 tVOLUME tFILL tPRICE tQUALITY tLENGTH tAREA 

TRAY1 2,091 50,3% 1330 2103 3,6 0,581 

TRAY2         -              -                 -                 -                 -                 -       

TRAY3 1,933 46,3% 1040 107 3,6 0,537 

TRAY4 1,032 26,9% 1790 1301 3,3 0,313 

TRAY5         -              -                 -                 -                 -                 -       

TRAY6 2,889 59,5% 1330 2103 4,2 0,688 

TRAY7 2,039 45,2% 1330 2103 3,9 0,523 

TRAY8         -              -                 -                 -                 -                 -       

TRAY9         -              -                 -                 -                 -                 -       

TRAY10 3,420 98,7% 1040 107 3,0 1,140 

TRAY11 2,531 73,1% 1330 2103 3,0 0,844 

TRAY12         -              -                 -                 -                 -                 -       

TRAY13 0,540 13,0% 1790 1301 3,6 0,150 

TRAY14 0,101 2,6% 1330 2103 3,3 0,031 

TRAY15 3,642 80,7% 1790 1301 3,9 0,934 

 (𝑚3) (%) (𝑘𝑟/𝑚3)  (𝑚) (𝑚2) 
Scenario 5 tVOLUME tFILL tPRICE tQUALITY tLENGTH tAREA 

TRAY1            -              -                 -                 -                 -                 -       

TRAY2 0,710 17,1% 1530 106 3,6 0,197 

TRAY3 0,540 10,3% 1820 201 4,5 0,120 

TRAY4 0,040 1,3% 1530 106 3,0 0,013 

TRAY5 2,230 45,9% 1820 201 4,2 0,531 

TRAY6 0,880 21,1% 1820 201 3,6 0,244 

TRAY7 1,280 36,9% 1820 201 3,0 0,427 

TRAY8            -                 -                 -                 -                 -                 -       

TRAY9            -                 -                 -                 -                 -                 -       

TRAY10            -                 -                 -                 -                 -                 -       

TRAY11 3,120 64,4% 1530 106 4,2 0,743 

TRAY12 1,30 28,8% 1530 106 3,9 0,333 

TRAY13 4,260 94,5% 1820 201 3,9 1,092 

TRAY14            -                 -                 -                 -                 -                 -       

TRAY15 1,480 23,8% 1040 107 5,4 0,274 

 (𝑚3) (%) (𝑘𝑟/𝑚3)  (𝑚) (𝑚2) 
Scenario 6 tVOLUME tFILL tPRICE tQUALITY tLENGTH tAREA 

TRAY1 0,047 0,8% 2040 3401 5,1 0,009 

TRAY2            -                 -                 -                 -                 -                 -       

TRAY3            -                 -                 -                 -                 -                 -       

TRAY4 1,67 30,1% 2040 3401 4,8 0,348 

TRAY5            -                 -                 -                 -                 -                 -       

TRAY6 4,17 66,9% 2040 3401 5,4 0,772 

TRAY7            -                 -                 -                 -                 -                 -       

TRAY8 0,072 1,2% 1930 3201 5,4 0,013 

TRAY9 3,14 53,3% 1930 3201 5,1 0,616 

TRAY10 2,63 44,6% 1530 106 5,1 0,516 

TRAY11            -                 -                 -                 -                 -                 -       

TRAY12            -                 -                 -                 -                 -                 -       

TRAY13 4,100 73,9% 1530 106 4,8 0,854 

TRAY14 0,71 12,8% 1930 3201 4,8 0,148 

TRAY15            -                 -                 -                 -                 -                 -       
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 (𝑚3) (%) (𝑘𝑟/𝑚3)  (𝑚) (𝑚2) 
Scenario 7 tVOLUME tFILL tPRICE tQUALITY tLENGTH tAREA 

TRAY1 0,686 16,5% 1830 611 3,6 0,191 

TRAY2 0,218 4,5% 1530 106 4,2 0,052 

TRAY3 3,312 53,1% 1040 107 5,4 0,613 

TRAY4 1,185 34,2% 1830 611 3,0 0,395 

TRAY5            -                 -                 -                 -                 -                 -       

TRAY6 0,554 16,0% 1530 106 3,0 0,185 

TRAY7 4,6 88,5% 1830 611 4,5 1,022 

TRAY8 0,042 1,1% 1830 611 3,3 0,013 

TRAY9            -                 -                 -                 -                 -                 -       

TRAY10            -                 -                 -                 -                 -                 -       

TRAY11            -                 -                 -                 -                 -                 -       

TRAY12 0,412 8,5% 1830 611 4,2 0,098 

TRAY13 1,497 36,0% 1530 106 3,6 0,416 

TRAY14 0,694 15,4% 1830 611 3,9 0,178 

TRAY15            -                 -                 -                 -                 -                 -       

 (𝑚3) (%) (𝑘𝑟/𝑚3)  (𝑚) (𝑚2) 
Scenario 9 tVOLUME tFILL tPRICE tQUALITY tLENGTH tAREA 

TRAY1 3,635 80,7% 1790 1301 3,9 0,932 

TRAY2 0,099 2,6% 1330 2103 3,3 0,030 

TRAY3 0,541 13,0% 1790 1301 3,6 0,150 

TRAY4 2,532 73,1% 1330 2103 3,0 0,844 

TRAY5 3,420 98,7% 1040 107 3,0 1,140 

TRAY6 2,036 45,2% 1330 2103 3,9 0,522 

TRAY7 2,886 59,5% 1330 2103 4,2 0,687 

TRAY8 1,035 26,9% 1790 1301 3,3 0,314 

TRAY9 2,050 49,3% 1040 107 3,6 0,569 

TRAY10 2,091 50,3% 1330 2103 3,6 0,581 

TRAY11            -                 -                 -                 -                 -                 -       

TRAY12            -                 -                 -                 -                 -                 -       

TRAY13            -                 -                 -                 -                 -                 -       

TRAY14            -                 -                 -                 -                 -                 -       

TRAY15            -                 -                 -                 -                 -                 -       

 (𝑚3) (%) (𝑘𝑟/𝑚3)  (𝑚) (𝑚2) 
Scenario 8 tVOLUME tFILL tPRICE tQUALITY tLENGTH tAREA 

TRAY1 0,056 0,9% 1530 106 5,4 0,010 

TRAY2            -                 -                 -                 -                 -                 -       

TRAY3            -                 -                 -                 -                 -                 -       

TRAY4 1,129 21,7% 1820 291 4,5 0,251 

TRAY5 1,573 26,7% 1820 291 5,1 0,308 

TRAY6 5,267 95,0% 1820 291 4,8 1,097 

TRAY7            -                 -                 -                 -                 -                 -       

TRAY8 1,638 27,8% 1530 106 5,1 0,321 

TRAY9 2,188 45,1% 1330 2103 4,2 0,521 

TRAY10 0,177 3,4% 1530 106 4,5 0,039 

TRAY11            -                 -                 -                 -                 -                 -       

TRAY12 5,3 95,6% 1330 2103 4,8 1,104 

TRAY13 5,631 95,6% 1040 107 5,1 1,104 

TRAY14            -                 -                 -                 -                 -                 -       

TRAY15            -                 -                 -                 -                 -                 -       
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 (𝑚3) (%) (𝑘𝑟/𝑚3)  (𝑚) (𝑚2) 
Scenario 10 tVOLUME tFILL tPRICE tQUALITY tLENGTH tAREA 

TRAY1            -                 -                 -                 -                 -                 -       

TRAY2            -                 -                 -                 -                 -                 -       

TRAY3 0,022 0,4% 1820 291 4,8 0,005 

TRAY4 2,162 36,7% 1330 2103 5,1 0,424 

TRAY5 2,300 49,4% 1820 291 5,1 0,451 

TRAY6 1,181 21,3% 1530 106 4,8 0,246 

TRAY7            -                 -                 -                 -                 -                 -       

TRAY8 1,734 27,8% 1820 291 5,4 0,321 

TRAY9            -                 -                 -                 -                 -                 -       

TRAY10 3,555 68,4% 1820 291 4,5 0,790 

TRAY11 4,157 85,7% 1330 2103 4,2 0,990 

TRAY12 0,228 4,7% 1530 106 4,2 0,054 

TRAY13            -                 -                 -                 -                 -                 -       

TRAY14 3,425 65,9% 1530 106 4,5 0,761 

TRAY15 3,458 58,7% 1530 106 5,1 0,678 

 
 

 (𝑚3) (%) (𝑘𝑟/𝑚3)  (𝑚) (𝑚2) 
Scenario 11 tVOLUME tFILL tPRICE tQUALITY tLENGTH tAREA 

TRAY1            -                 -                 -                 -                 -                 -       

TRAY2 4,570 94,2% 1710 3002 4,2 1,088 

TRAY3            -                 -                 -                 -                 -                 -       

TRAY4 2,493 51,4% 1810 701 4,2 0,594 

TRAY5            -                 -                 -                 -                 -                 -       

TRAY6 1,154 33,3% 1810 701 3,0 0,385 

TRAY7 0,719 17,3% 1530 106 3,6 0,200 

TRAY8 1,087 22,4% 1530 106 4,2 0,259 

TRAY9 1,597 38,4% 1810 701 3,6 0,444 

TRAY10 1,001 28,9% 1530 106 3,0 0,334 

TRAY11            -                 -                 -                 -                 -                 -       

TRAY12            -                 -                 -                 -                 -                 -       

TRAY13            -                 -                 -                 -                 -                 -       

TRAY14 0,854 13,7% 1040 107 5,4 0,16 

TRAY15            -                 -                 -                 -                 -                 -       

 
 
 

 (𝑚3) (%) (𝑘𝑟/𝑚3)  (𝑚) (𝑚2) 
Scenario 12 tVOLUME tFILL tPRICE tQUALITY tLENGTH tAREA 

TRAY1 1,701 49,1% 1530 106 3,0 0,567 

TRAY2 3,329 73,9% 1820 291 3,9 0,854 

TRAY3 4,050 97,4% 1750 301 3,6 1,125 

TRAY4 0,368 5,9% 1530 106 5,4 0,068 

TRAY5 1,951 35,2% 1530 106 4,8 0,406 

TRAY6 1,532 26,0% 1820 291 5,1 0,300 

TRAY7 1,696 27,2% 1040 107 5,4 0,314 

TRAY8            -                 -                 -                 -                 -                 -       

TRAY9 2,713 52,2% 1820 291 4,5 0,603 

TRAY10            -                 -                 -                 -                 -                 -       

TRAY11 0,804 14,5% 1820 291 4,8 0,168 

TRAY12            -                 -                 -                 -                 -                 -       

TRAY13 4,308 88,8% 1820 291 4,2 1,026 

TRAY14 2,353 48,5% 1530 106 4,2 0,560 

TRAY15 1,931 22,3% 1820 291 5,4 0,358 
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 (𝑚3) (%) (𝑘𝑟/𝑚3)  (𝑚) (𝑚2) 
Scenario 13 tVOLUME tFILL tPRICE tQUALITY tLENGTH tAREA 

TRAY1 0,556 10,7% 1530 106 4,5 0,124 

TRAY2 4,066 65,2% 1040 107 5,4 0,753 

TRAY3 2,981 71,7% 1530 106 3,6 0,828 

TRAY4 0,866 25,0% 1530 106 3,0 0,289 

TRAY5 0,111 3,2% 1820 201 3,0 0,037 

TRAY6            -                 -                 -                 -                 -                 -       

TRAY7 2,927 70,4% 1820 201 3,6 0,813 

TRAY8 3,177 65,5% 1820 201 4,2 0,756 

TRAY9 1,632 31,4% 1820 201 4,5 0,363 

TRAY10            -                 -                 -                 -                 -                 -       

TRAY11            -                 -                 -                 -                 -                 -       

TRAY12 0,752 15,5% 1530 106 4,2 0,179 

TRAY13            -                 -                 -                 -                 -                 -       

TRAY14 2,135 47,4% 1820 201 3,9 0,547 

TRAY15            -                 -                 -                 -                 -                 -       

 
 
 

 (𝑚3) (%) (𝑘𝑟/𝑚3)  (𝑚) (𝑚2) 
Scenario 14 tVOLUME tFILL tPRICE tQUALITY tLENGTH tAREA 

TRAY1 0,475 13,7% 1820 201 3,0 0,158 

TRAY2 3,189 70,8% 1820 201 3,9 0,818 

TRAY3 0,091 2,2% 1530 106 3,6 0,025 

TRAY4 1,349 35,4% 1820 201 3,3 0,409 

TRAY5            -                 -                 -                 -                 -                 -       

TRAY6            -                 -                 -                 -                 -                 -       

TRAY7 1,570 30,2% 1820 201 4,5 0,349 

TRAY8 4,793 98,8% 1530 106 4,2 1,141 

TRAY9 3,942 94,8% 1820 201 3,6 1,095 

TRAY10 1,819 52,5% 1530 106 3,0 0,606 

TRAY11 0,524 10,8% 1820 201 4,2 0,125 

TRAY12 0,748 12,0% 1040 107 5,4 0,139 

TRAY13            -                 -                 -                 -                 -                 -       

TRAY14            -                 -                 -                 -                 -                 -       

TRAY15            -                 -                 -                 -                 -                 -       

 
 
 

 (𝑚3) (%) (𝑘𝑟/𝑚3)  (𝑚) (𝑚2) 
Scenario 15 tVOLUME tFILL tPRICE tQUALITY tLENGTH tAREA 

TRAY1            -                 -                 -                 -                 -                 -       

TRAY2 4,570 94,2% 1710 3002 4,2 1,088 

TRAY3            -                 -                 -                 -                 -                 -       

TRAY4 2,493 51,4% 1810 701 4,2 0,594 

TRAY5            -                 -                 -                 -                 -                 -       

TRAY6 1,154 33,3% 1810 701 3,0 0,385 

TRAY7 0,719 17,3% 1530 106 3,6 0,200 

TRAY8 1,087 22,4% 1530 106 4,2 0,259 

TRAY9 1,597 38,4% 1810 701 3,6 0,444 

TRAY10 1,001 28,9% 1530 106 3,0 0,334 

TRAY11            -                 -                 -                 -                 -                 -       

TRAY12            -                 -                 -                 -                 -                 -       

TRAY13            -                 -                 -                 -                 -                 -       

TRAY14 0,854 13,7% 1040 107 5,4 0,158 

TRAY15            -                 -                 -                 -                 -                 -       
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 (𝑚3) (%) (𝑘𝑟/𝑚3)  (𝑚) (𝑚2) 
Scenario 16 tVOLUME tFILL tPRICE tQUALITY tLENGTH tAREA 

TRAY1            -                 -                 -                 -                 -                 -       

TRAY2 1,587 45,8% 1710 3002 3,0 0,529 

TRAY3            -                 -                 -                 -                 -                 -       

TRAY4 0,674 13,9% 1810 701 4,2 0,160 

TRAY5            -                 -                 -                 -                 -                 -       

TRAY6 0,658 14,6% 1810 701 3,9 0,169 

TRAY7 3,144 82,5% 1530 106 3,3 0,953 

TRAY8 2,815 67,7% 1530 106 3,6 0,782 

TRAY9 1,239 29,8% 1810 701 3,6 0,344 

TRAY10 1,412 29,1% 1530 106 4,2 0,336 

TRAY11            -                 -                 -                 -                 -                 -       

TRAY12            -                 -                 -                 -                 -                 -       

TRAY13 0,557 13,4% 1810 701 3,6 0,155 

TRAY14 0,948 15,2% 1040 107 5,4 0,176 

TRAY15            -                 -                 -                 -                 -                 -       

 
 
 

 (𝑚3) (%) (𝑘𝑟/𝑚3)  (𝑚) (𝑚2) 
Scenario 17 tVOLUME tFILL tPRICE tQUALITY tLENGTH tAREA 

TRAY1 1,001 28,9% 1530 106 3,0 0,334 

TRAY2 0,054 1,2% 1820 291 3,9 0,014 

TRAY3 1,751 42,1% 1750 301 3,6 0,486 

TRAY4 1,865 29,9% 1530 106 4,5 0,345 

TRAY5 0,687 12,4% 1530 106 4,8 0,143 

TRAY6 1,532 26,0% 1820 291 5,1 0,300 

TRAY7 1,692 27,2% 1040 107 5,4 0,313 

TRAY8            -                 -                 -                 -                 -                 -       

TRAY9 2,713 52,2% 1820 291 4,5 0,603 

TRAY10            -                 -                 -                 -                 -                 -       

TRAY11 0,804 14,5% 1820 291 4,8 0,168 

TRAY12            -                 -                 -                 -                 -                 -       

TRAY13 3,454 71,2% 1820 291 4,2 0,822 

TRAY14 2,353 48,5% 1530 106 4,2 0,560 

TRAY15 1,391 22,3% 1820 291 5,4 0,258 

 
 
 

 (𝑚3) (%) (𝑘𝑟/𝑚3)  (𝑚) (𝑚2) 
Scenario 18 tVOLUME tFILL tPRICE tQUALITY tLENGTH tAREA 

TRAY1 0,556 10,7% 1530 106 4,5 0,124 

TRAY2 1,447 23,2% 1040 107 5,4 0,268 

TRAY3 1,759 42,3% 1530 106 3,6 0,489 

TRAY4 0,866 25,0% 1530 106 3,0 0,289 

TRAY5 0,111 3,2% 1820 201 3,0 0,037 

TRAY6            -                 -                 -                 -                 -                 -       

TRAY7 0,05 1,2% 1820 201 3,6 0,014 

TRAY8 1,446 29,8% 1820 201 4,2 0,344 

TRAY9 1,445 27,8% 1820 201 4,5 0,321 

TRAY10            -                 -                 -                 -                 -                 -       

TRAY11            -                 -                 -                 -                 -                 -       

TRAY12 1,923 42,7% 1820 201 3,9 0,493 

TRAY13            -                 -                 -                 -                 -                 -       

TRAY14 2,299 47,4% 1530 106 4,2 0,547 

TRAY15            -                 -                 -                 -                 -                 -       
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 (𝑚3) (%) (𝑘𝑟/𝑚3)  (𝑚) (𝑚2) 
Scenario 19 tVOLUME tFILL tPRICE tQUALITY tLENGTH tAREA 

TRAY1 0,188 3,2% 2040 3401 5,1 0,037 

TRAY2            -                 -                 -                 -                 -                 -       

TRAY3            -                 -                 -                 -                 -                 -       

TRAY4 1,624 29,3% 2040 3401 4,8 0,338 

TRAY5            -                 -                 -                 -                 -                 -       

TRAY6 2,719 43,6% 2040 3401 5,4 0,504 

TRAY7            -                 -                 -                 -                 -                 -       

TRAY8 0,131 2,1% 1930 3201 5,4 0,024 

TRAY9 2,527 42,9% 1930 3201 5,1 0,495 

TRAY10            -                 -                 -                 -                 -                 -       

TRAY11 2,097 35,6% 1530 106 5,1 0,411 

TRAY12 2,778 50,1% 1530 106 4,8 0,579 

TRAY13            -                 -                 -                 -                 -                 -       

TRAY14 0,843 15,2% 1930 3201 4,8 0,176 

TRAY15            -                 -                 -                 -                 -                 -       

 
 

 (𝑚3) (%) (𝑘𝑟/𝑚3)  (𝑚) (𝑚2) 
Scenario 20 tVOLUME tFILL tPRICE tQUALITY tLENGTH tAREA 

TRAY1 0,757 18,2% 1830 611 3,6 0,210 

TRAY2 0,330 6,8% 1530 106 4,2 0,079 

TRAY3 1,771 28,4% 1040 107 5,4 0,328 

TRAY4 1,033 29,8% 1830 611 3,0 0,344 

TRAY5            -                 -                 -                 -                 -                 -       

TRAY6 0,554 16,0% 1530 106 3,0 0,185 

TRAY7 2,959 61,0% 1830 611 4,2 0,705 

TRAY8 0,130 2,5% 1830 611 4,5 0,029 

TRAY9            -                 -                 -                 -                 -                 -       

TRAY10            -                 -                 -                 -                 -                 -       

TRAY11            -                 -                 -                 -                 -                 -       

TRAY12 0,450 10,0% 1830 611 3,9 0,115 

TRAY13 0,998 24,0% 1530 106 3,6 0,277 

TRAY14 0,614 16,1% 1830 611 3,3 0,186 

TRAY15            -                 -                 -                 -                 -                 -       

 
 
 

 (𝑚3) (%) (𝑘𝑟/𝑚3)  (𝑚) (𝑚2) 
Scenario 21 tVOLUME tFILL tPRICE tQUALITY tLENGTH tAREA 

TRAY1 0,556 10,7% 1530 106 4,5 0,124 

TRAY2 2,62 42,0% 1040 107 5,4 0,485 

TRAY3 2,528 60,8% 1530 106 3,6 0,702 

TRAY4 0,877 25,3% 1530 106 3,0 0,292 

TRAY5 0,050 1,2% 1820 201 3,6 0,014 

TRAY6            -                 -                 -                 -                 -                 -       

TRAY7 2,439 70,4% 1820 201 3,0 0,813 

TRAY8 1,45 29,9% 1820 201 4,2 0,345 

TRAY9 2,604 50,1% 1820 201 4,5 0,579 

TRAY10            -                 -                 -                 -                 -                 -       

TRAY11            -                 -                 -                 -                 -                 -       

TRAY12 0,752 15,5% 1530 106 4,2 0,179 

TRAY13            -                 -                 -                 -                 -                 -       

TRAY14 0,369 8,2% 1820 201 3,9 0,095 

TRAY15            -                 -                 -                 -                 -                 -       
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 (𝑚3) (%) (𝑘𝑟/𝑚3)  (𝑚) (𝑚2) 
Scenario 22 tVOLUME tFILL tPRICE tQUALITY tLENGTH tAREA 

TRAY1            -              -                 -                 -                 -                 -       

TRAY2 1,198 35,8% 1530 106 3,0 0,399 

TRAY3 3,377 67,3% 1820 201 4,5 0,750 

TRAY4 1,722 42,9% 1530 106 3,6 0,478 

TRAY5 4,599 98,2% 1820 201 4,2 1,095 

TRAY6 1,433 35,7% 1820 201 3,6 0,398 

TRAY7 0,090 2,7% 1820 201 3,0 0,030 

TRAY8            -                 -                 -                 -                 -                 -       

TRAY9            -                 -                 -                 -                 -                 -       

TRAY10 3,016 64,4% 1530 106 4,2 0,718 

TRAY11 2,331 53,6% 1530 106 3,9 0,598 

TRAY12            -              -                 -                 -                 -                 -       

TRAY13 4,109 94,5% 1820 201 3,9 1,054 

TRAY14 1,433 23,8% 1040 107 5,4 0,265 

TRAY15            -              -                 -                 -                 -                 -       

 
 

 (𝑚3) (%) (𝑘𝑟/𝑚3)  (𝑚) (𝑚2) 
Scenario 23 tVOLUME tFILL tPRICE tQUALITY tLENGTH tAREA 

TRAY1 0,097 2,0% 1330 2103 4,2 0,023 

TRAY2         -              -              -              -                 -              -       

TRAY3         -              -              -              -                 -              -       

TRAY4 1,419 27,3% 1790 1301 4,5 0,315 

TRAY5 0,960 19,8% 1790 1301 4,2 0,229 

TRAY6 4,13 74,5% 1330 2103 4,8 0,860 

TRAY7         -              -              -              -                 -              -       

TRAY8 1,802 28,9% 1040 107 5,4 0,334 

TRAY9 0,447 8,6% 1330 2103 4,5 0,099 

TRAY10 1,325 22,5% 1790 1301 5,1 0,260 

TRAY11 2,704 45,9% 1330 2103 5,1 0,530 

TRAY12         -              -              -              -                 -              -       

TRAY13 2,189 35,1% 1790 1301 5,4 0,405 

TRAY14 1,053 19,0% 1790 1301 4,8 0,219 

TRAY15 0,291 4,5% 1330 2103 5,4 0,054 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 (𝑚3) (%) (𝑘𝑟/𝑚3)  (𝑚) (𝑚2) 
Scenario 24 tVOLUME tFILL tPRICE tQUALITY tLENGTH tAREA 

TRAY1 3,511 59,6% 1530 106 5,1 0,688 

TRAY2 0,301 6,2% 1530 106 4,2 0,072 

TRAY3 1,123 18,0% 1710 3002 5,4 0,208 

TRAY4 2,822 50,9% 1810 701 4,8 0,588 

TRAY5 0,507 8,6% 1810 701 5,1 0,099 

TRAY6 0,781 16,1% 1710 3002 4,2 0,186 

TRAY7 1,16 18,6% 1040 107 5,4 0,215 

TRAY8         -              -              -              -                 -              -       

TRAY9 3,287 52,7% 1810 701 5,4 0,609 

TRAY10         -              -              -              -                 -              -       

TRAY11 0,990 20,4% 1810 701 4,2 0,236 

TRAY12         -              -              -              -                 -              -       

TRAY13         -              -              -              -                 -              -       

TRAY14         -              -              -              -                 -              -       

TRAY15 2,168 39,1% 1710 3002 4,8 0,452 
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 (𝑚3) (%) (𝑘𝑟/𝑚3)  (𝑚) (𝑚2) 
Scenario 25 tVOLUME tFILL tPRICE tQUALITY tLENGTH tAREA 

TRAY1 1,937 55,9% 1810 701 3,0 0,646 

TRAY2 1,289 31,0% 1530 106 3,6 0,358 

TRAY3 0,473 10,5% 1530 106 3,9 0,121 

TRAY4 2,440 50,3% 1530 106 4,2 0,581 

TRAY5 0,215 6,2% 1530 106 3,0 0,072 

TRAY6 1,963 47,2% 1710 3002 3,6 0,545 

TRAY7 1,665 26,7% 1040 107 5,4 0,308 

TRAY8         -              -              -              -                 -              -       

TRAY9         -              -              -              -                 -              -       

TRAY10         -              -              -              -                 -              -       

TRAY11         -              -              -              -                 -              -       

TRAY12         -              -              -              -                 -              -       

TRAY13         -              -              -              -                 -              -       

TRAY14 2,503 60,2% 1810 701 3,6 0,695 

TRAY15         -              -              -              -                 -              -       

 (𝑚3) (%) (𝑘𝑟/𝑚3)  (𝑚) (𝑚2) 
Scenario 26 tVOLUME tFILL tPRICE tQUALITY tLENGTH tAREA 

TRAY1 1,909 30,6% 1530 106 5,4 0,354 

TRAY2 5,532 88,7% 1820 201 5,4 1,024 

TRAY3 3,051 51,8% 1820 201 5,1 0,598 

TRAY4 0,265 4,5% 1530 106 5,1 0,052 

TRAY5         -              -              -              -                 -              -       

TRAY6         -              -              -              -                 -              -       

TRAY7         -              -              -              -                 -              -       

TRAY8         -              -              -              -                 -              -       

TRAY9         -              -              -              -                 -              -       

TRAY10         -              -              -              -                 -              -       

TRAY11 2,994 54,0% 1530 106 4,8 0,624 

TRAY12         -              -              -              -                 -              -       

TRAY13         -              -              -              -                 -              -       

TRAY14 1,198 21,6% 1820 201 4,8 0,250 

TRAY15         -              -              -              -                 -              -       

 (𝑚3) (%) (𝑘𝑟/𝑚3)  (𝑚) (𝑚2) 
Scenario 27 tVOLUME tFILL tPRICE tQUALITY tLENGTH tAREA 

TRAY1 1,060 30,6% 1820 201 3,0 0,353 

TRAY2 0,486 11,7% 1530 106 3,6 0,135 

TRAY3 0,125 3,6% 1530 106 3,0 0,042 

TRAY4         -              -              -              -              -              -       

TRAY5         -              -              -              -                 -              -       

TRAY6 1,397 28,8% 1530 106 4,2 0,333 

TRAY7 2,219 42,7% 1820 201 4,5 0,493 

TRAY8 0,586 9,4% 1040 107 5,4 0,109 

TRAY9         -              -              -              -                 -              -       

TRAY10         -              -              -              -                 -              -       

TRAY11 0,140 3,1% 1820 201 3,9 0,036 

TRAY12         -              -              -              -                 -              -       

TRAY13 3,988 95,9% 1820 201 3,6 1,108 

TRAY14 0,893 18,4% 1820 201 4,2 0,213 

TRAY15 0,649 14,4% 1530 106 3,9 0,166 
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 (𝑚3) (%) (𝑘𝑟/𝑚3)  (𝑚) (𝑚2) 
Scenario 28 tVOLUME tFILL tPRICE tQUALITY tLENGTH tAREA 

TRAY1         -              -              -              -              -              -       

TRAY2         -              -              -              -              -              -       

TRAY3 0,693 12,5% 1830 611 4,8 0,144 

TRAY4         -              -              -              -              -              -       

TRAY5         -              -              -              -              -              -       

TRAY6         -              -              -              -              -              -       

TRAY7         -              -              -              -              -              -       

TRAY8 3,652 62,0% 1530 106 5,1 0,716 

TRAY9         -              -              -              -              -              -       

TRAY10 3,829 65,0% 1830 611 5,1 0,751 

TRAY11         -              -              -              -              -              -       

TRAY12 5,267 95,0% 1830 611 4,8 1,097 

TRAY13 3,087 49,5% 1530 106 5,4 0,572 

TRAY14 1,029 16,5% 1830 611 5,4 0,191 

TRAY15 1,164 21,0% 1530 106 4,8 0,243 

 (𝑚3) (%) (𝑘𝑟/𝑚3)  (𝑚) (𝑚2) 

Scenario 29 tVOLUME tFILL tPRICE tQUALITY tLENGTH tAREA 

TRAY1 1,779 39,5% 1830 611 3,9 0,456 

TRAY2         -              -              -              -              -              -       

TRAY3 4,342 89,5% 1830 611 4,2 1,034 

TRAY4         -              -              -              -              -              -       

TRAY5         -              -              -              -              -              -       

TRAY6 2,027 39,0% 1830 611 4,5 0,450 

TRAY7 1,916 39,5% 1530 106 4,2 0,456 

TRAY8         -              -              -              -              -              -       

TRAY9 1,663 40,0% 1830 611 3,6 0,462 

TRAY10 0,248 6,5% 1830 611 3,3 0,075 

TRAY11 2,401 38,5% 1040 107 5,4 0,445 

TRAY12         -              -              -              -              -              -       

TRAY13 2,963 85,5% 1830 611 3,0 0,988 

TRAY14 0,104 2,5% 1530 106 3,6 0,029 

TRAY15 0,572 16,5% 1530 106 3,0 0,191 

 (𝑚3) (%) (𝑘𝑟/𝑚3)  (𝑚) (𝑚2) 
Scenario 30 tVOLUME tFILL tPRICE tQUALITY tLENGTH tAREA 

TRAY1 3,315 59,8% 1460 105 4,8 0,691 

TRAY2 4,297 68,9% 1530 106 5,4 0,796 

TRAY3         -              -              -              -              -              -       

TRAY4         -              -              -              -              -              -       

TRAY5 1,740 27,9% 1460 105 5,4 0,322 

TRAY6 1,231 20,9% 1460 105 5,1 0,241 

TRAY7 1,763 31,8% 1530 106 4,8 0,367 

TRAY8         -              -              -              -              -              -       

TRAY9         -              -              -              -              -              -       

TRAY10 1,509 24,2% 2040 3401 5,4 0,279 

TRAY11         -              -              -              -              -              -       

TRAY12 0,183 3,3% 2040 3401 4,8 0,038 

TRAY13 4,459 75,7% 2040 3401 5,1 0,874 

TRAY14         -              -              -              -              -              -       

TRAY15         -              -              -              -              -              -       
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 Appendix E: LINGO-model 
 

MODEL: 

SETS: 

!Trays numbered from 1 to 15 containing data: tVOLUME, 

tFILL etc..; 

TRAY/1..15/: tVOLUME, tFILL, tPRICE, tLENGTH, tAREA; 

 

! Generates a 3D-matrix with 15^3=3375 combinations noted 

x(i,j,k); 

COMBINATION(TRAY, TRAY, TRAY): x ,FILLbin, cLENGTH, 

cLENGTHbin, cPRICE, cPRICEbin, cAREA, cFILL; 

ENDSETS 

 

DATA: 

!Constraint that forces each combination of trays to a 

fill rate between 30 % and 100 %; 

FILLmax = 1.0; 

FILLmin = 0.3; 

 

!Reads data from the file OptCom1 from OneDrive: OptCom1; 

tVOLUME, tFILL, tPRICE, tLENGTH, tAREA = 

@OLE('C:\Users\jonas\OneDrive\Documents\OptCom1.xlsx'); 

 

!Exports the solution to the excel document OptCom1; 

@OLE('C:\Users\OneDrive\Documents\OptCom1.xlsx', 

'SOLUTIONS3D') =  

@WRITEFOR(COMBINATION(i,j,k)|x(i,j,k)#EQ#1:i,j,k); 

 

@OLE('C:\Users\OneDrive\Documents\OptCom1.xlsx', 

'VALUE_EXPORT_3D') 

= 

@WRITEFOR(COMBINATION(i,j,k)|i#EQ#1#AND#j#EQ#1#AND#k#EQ#1: 

z3); 

 

ENDDATA 

 

 

!========================================================; 
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SUBMODEL QualityDowngrade: 

 

!Target function that minimizes the price for each 

combination x(i,j,k); 

MIN = @SUM(COMBINATION(i,j,k):cPRICEbin(i,j,k)*tPRICE(i)+ 

cPRICEbin(j,k,i)*tPRICE(j)+cPRICEbin(k,i,j)*tPRICE(k)); 

 

!Makes sure that the binary variables for the combination 

are only used once; 

@FOR(COMBINATION(i,j,k)|i#EQ#j#AND#i#NE#k#AND#j#NE#k: 

cPRICEbin(i,j,k)+cPRICEbin(j,k,i)+cPRICEbin(k,i,j) = 1); 

 

@FOR(COMBINATION(i,j,k)|i#NE#j#AND#i#EQ#k#AND#j#NE#k: 

cPRICEbin(i,j,k)+cPRICEbin(j,k,i)+cPRICEbin(k,i,j) = 1); 

 

@FOR(COMBINATION(i,j,k)|i#NE#j#AND#j#EQ#k#AND#i#NE#k: 

cPRICEbin(i,j,k)+cPRICEbin(j,k,i)+cPRICEbin(k,i,j) = 1); 

 

@FOR(COMBINATION(i,j,k)|i#NE#j#AND#i#NE#k#AND#j#NE#k: 

cPRICEbin(i,j,k)+cPRICEbin(j,k,i)+cPRICEbin(k,i,j) = 1); 

 

!Saves the value of each combination in cPRICE(i,j,k); 

@FOR(COMBINATION(i,j,k)|i#EQ#j#AND#i#EQ#k#AND#j#EQ#k:   

tPRICE(i) = cPRICE(i,j,k)); 

 

@FOR(COMBINATION(i,j,k)|i#EQ#j#AND#i#NE#k#AND#j#NE#k: 

cPRICEbin(i,j,k)*tPRICE(i)+cPRICEbin(j,k,i)*tPRICE(i)+ 

cPRICEbin(k,i,j)*tPRICE(k) = cPRICE(i,j,k)); 

 

@FOR(COMBINATION(i,j,k)|i#NE#j#AND#i#EQ#k#AND#j#NE#k: 

cPRICEbin(i,j,k)*tPRICE(i)+cPRICEbin(j,k,i)*tPRICE(j)+ 

cPRICEbin(k,i,j)*tPRICE(i) = cPRICE(i,j,k)); 

 

@FOR(COMBINATION(i,j,k)|i#NE#j#AND#j#EQ#k#AND#i#NE#k: 

cPRICEbin(i,j,k)*tPRICE(i)+cPRICEbin(j,k,i)*tPRICE(j)+ 

cPRICEbin(k,i,j)*tPRICE(j) = cPRICE(i,j,k)); 

 

@FOR(COMBINATION(i,j,k)|i#NE#j#AND#i#NE#k#AND#j#NE#k: 

cPRICEbin(i,j,k)*tPRICE(i)+cPRICEbin(j,k,i)*tPRICE(j)+ 

cPRICEbin(k,i,j)*tPRICE(k) = cPRICE(i,j,k)); 

 

!Makes cPRICEbin binary; 

@FOR(COMBINATION(i,j,k): @BIN(cPRICEbin(i,j,k))); 

ENDSUBMODEL 
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!========================================================; 

SUBMODEL LengthDowngrade: 

 

!Target function that minimizes the length for each 

combination x(i,j,k); 

MIN = SUM(COMBINATION(i,j,k):cLENGTHbin(i,j,k)*tLENGTH(i)+ 

cLENGTHbin(j,k,i)*tLENGTH(j)+cLENGTHbin(k,i,j)*tLENGTH(k))

; 

 

!Makes sure that the binary variables for each combination 

is only used once; 

@FOR(COMBINATION(i,j,k)|i#EQ#j#AND#i#NE#k#AND#j#NE#k: 

cLENGTHbin(i,j,k)+cLENGTHbin(j,k,i)+cLENGTHbin(k,i,j) = 

1); 

 

@FOR(COMBINATION(i,j,k)|i#NE#j#AND#i#EQ#k#AND#j#NE#k: 

cLENGTHbin(i,j,k)+cLENGTHbin(j,k,i)+cLENGTHbin(k,i,j) = 

1); 

 

@FOR(COMBINATION(i,j,k)|i#NE#j#AND#j#EQ#k#AND#i#NE#k: 

cLENGTHbin(i,j,k)+cLENGTHbin(j,k,i)+cLENGTHbin(k,i,j) = 

1); 

 

@FOR(COMBINATION(i,j,k)|i#NE#j#AND#i#NE#k#AND#j#NE#k: 

cLENGTHbin(i,j,k)+cLENGTHbin(j,k,i)+cLENGTHbin(k,i,j) = 

1); 

 

!Saves the lowest value in cLENGTH(i,j,k); 

 

@FOR(COMBINATION(i,j,k)|i#EQ#j#AND#i#EQ#k#AND#j#EQ#k: 

tLENGTH(i) = cLENGTH(i,j,k)); 

 

@FOR(COMBINATION(i,j,k)|i#EQ#j#AND#i#NE#k#AND#j#NE#k: 

cLENGTHbin(i,j,k)*tLENGTH(i)+cLENGTHbin(j,k,i)*tLENGTH(i)+

cLENGTHbin(k,i,j)*tLENGTH(k) = cLENGTH(i,j,k)); 

 

@FOR(COMBINATION(i,j,k)|i#NE#j#AND#i#EQ#k#AND#j#NE#k: 

cLENGTHbin(i,j,k)*tLENGTH(i)+cLENGTHbin(j,k,i)*tLENGTH(j)+

cLENGTHbin(k,i,j)*tLENGTH(i) = cLENGTH(i,j,k)); 

 

@FOR(COMBINATION(i,j,k)|i#NE#j#AND#j#EQ#k#AND#i#NE#k: 

cLENGTHbin(i,j,k)*tLENGTH(i)+cLENGTHbin(j,k,i)*tLENGTH(j)+

cLENGTHbin(k,i,j)*tLENGTH(j) = cLENGTH(i,j,k)); 
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@FOR(COMBINATION(i,j,k)|i#NE#j#AND#i#NE#k#AND#j#NE#k: 

cLENGTHbin(i,j,k)*tLENGTH(i)+cLENGTHbin(j,k,i)*tLENGTH(j)+

cLENGTHbin(k,i,j)*tLENGTH(k) = cLENGTH(i,j,k)); 

 

!Makes cLENGTHbin binary; 

@FOR(COMBINATION(i,j,k): @BIN(cLENGTHbin(i,j,k))); 

ENDSUBMODEL 

 

!========================================================; 

 

SUBMODEL ValueOptimization: 

 

!Saves the total area for each combination x(i,j,k) in 

cAREA(i,j,k); 

@FOR(COMBINATION(i,j,k)|i#EQ#j#AND#i#EQ#k#AND#j#EQ#k: 

tAREA(i) = cAREA(i,j,k)); 

 

@FOR(COMBINATION(i,j,k)|i#EQ#j#AND#i#NE#k#AND#j#NE#k: 

tAREA(i) + tAREA(k) = cAREA(i,j,k)); 

 

@FOR(COMBINATION(i,j,k)|i#NE#j#AND#i#EQ#k#AND#j#NE#k: 

tAREA(i) + tAREA(j) = cAREA(i,j,k)); 

 

@FOR(COMBINATION(i,j,k)|i#NE#j#AND#j#EQ#k#AND#i#NE#k: 

tAREA(i) + tAREA(j) = cAREA(i,j,k)); 

 

@FOR(COMBINATION(i,j,k)|i#NE#j#AND#i#NE#k#AND#j#NE#k: 

tAREA(i) + tAREA(j) + tAREA(k) = cAREA(i,j,k)); 

 

!Saves the total fill rate for each combination x(i,j,k) 

in cFILL(i,j,k); 

@FOR(COMBINATION(i,j,k)|i#EQ#j#AND#i#EQ#k#AND#j#EQ#k: 

(tFILL(i)) = cFILL(i,j,k)); 

 

@FOR(COMBINATION(i,j,k)|i#EQ#j#AND#i#NE#k#AND#j#NE#k: 

(tFILL(i) + tFILL(k)) = cFILL(i,j,k)); 

 

@FOR(COMBINATION(i,j,k)|i#NE#j#AND#i#EQ#k#AND#j#NE#k: 

(tFILL(i) + tFILL(j)) = cFILL(i,j,k)); 

 

@FOR(COMBINATION(i,j,k)|i#NE#j#AND#j#EQ#k#AND#i#NE#k: 

(tFILL(i) + tFILL(j)) = cFILL(i,j,k)); 

 

@FOR(COMBINATION(i,j,k)|i#NE#j#AND#i#NE#k#AND#j#NE#k: 

(tFILL(i) + tFILL(j) + tFILL(k)) = cFILL(i,j,k)); 

 



Optimization combined with process mapping for maximizing product utilization 
- Investigating the utilization of products in sawmills, a case study 
Jonas Höglund                                                                                       2018-06-20 

82 

 

!Target function that maximizes the utilization of 

products, with the goal to identify which trays are to be 

combined; 

 

MAX = z3; 

z3 = @SUM(COMBINATION(i,j,k):x(i,j,k)*cAREA(i,j,k)* 

cLENGTH(i,j,k)*cPRICE(i,j,k)); 

 

!Makes sure that one tray can only be used in one 

combination; 

@FOR(TRAY(i)|tFILL(i)#GT#0: 

 

@SUM(COMBINATION(i,j,k)|i#EQ#j#AND#i#EQ#k#AND#j#EQ#k: 

(x(i,j,k) + x(i,k,j) + x(j,i,k) + x(j,k,i) + x(k,i,j) + 

x(k,j,i)) * (1/6)) + 

 

(( 

@SUM(COMBINATION(i,j,k)|i#EQ#j#AND#i#NE#k#AND#j#NE#k: 

(x(i,j,k) + x(j,k,i) + x(k,i,j) + x(k,k,i) + x(k,i,k) + 

x(i,k,k))) + 

@SUM(COMBINATION(i,j,k)|i#NE#j#AND#i#EQ#k#AND#j#NE#k: 

(x(i,j,k) + x(j,k,i) + x(k,i,j) + x(j,j,i) + x(j,i,j) + 

x(i,j,j))) + 

@SUM(COMBINATION(i,j,k)|i#NE#j#AND#j#EQ#k#AND#i#NE#k: 

(x(i,j,k) + x(j,k,i) + x(k,i,j) + x(i,i,k) + x(i,k,i) + 

x(k,i,i))) 

) * (1/3)) + 

 

@SUM(COMBINATION(i,j,k)|i#NE#j#AND#i#NE#k#AND#j#NE#k: 

(x(i,j,k) + x(j,k,i) + x(k,i,j))) = 1); 

 

!Eliminates empty trays from the solution; 

@FOR(TRAY(i)|tFILL(i)#EQ#0: 

@SUM(COMBINATION(i,j,k): x(i,j,k) + x(j,k,i) + x(k,i,j)) = 

0); 

 

!Forces each combination to a total fill rate of 30 % or 

above; 

@FOR(COMBINATION(i,j,k): (x(i,j,k)*cFILL(i,j,k)) >= 

(FILLmin * FILLbin(i,j,k))); 

 

!Forces each combination to a total fill rate of 100 % or 

below; 

@FOR(COMBINATION(i,j,k): (x(i,j,k)*cFILL(i,j,k)) <= 

(FILLmax * FILLbin(i,j,k))); 
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!Makes x(i,j,k) and FILLbin(i,j,k) binary; 

@FOR(COMBINATION(i,j,k):@BIN(x(i,j,k))); 

@FOR(COMBINATION(i,j,k):@BIN(FILLbin(i,j,k))); 

ENDSUBMODEL 

 

!========================================================; 

 

CALC: 

 

!Command that solves each model sequentially; 

 

@SOLVE( QualityDowngrade); 

  @FOR( COMBINATION(i,j,k): cPRICE(i,j,k) = 

cPRICE(i,j,k)); 

 

@SOLVE( LengthDowngrade); 

  @FOR( COMBINATION(i,j,k): cLENGTH(i,j,k) = 

cLENGTH(i,j,k)); 

 

@SOLVE( ValueOptimization); 

  @FOR( COMBINATION(i,j,k): x(i,j,k) = x(i,j,k)); 

 

ENDCALC 

 

END 
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 Appendix F: Process Map 


