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Abstract

The Bin-packing problem is a widely researched subject, and still being researched till
present to reach solutions which are near optimum. There are many variants of the
problem, depending on the objective of the research, each has multiple solutions
proposed by researchers. In this research, we investigate a multi-objective 3D bin-
packing problem and propose a novel algorithm where we consider the volume and
weight as constraints, and use the minimum number of bins to pack different-sized
boxes. The resulting bins should be balanced as much as possible. The proposed
solution is a layer-based approach, the proposed algorithm packs all boxes using
horizontal layers, it has shown promising results in terms of number of bins and
execution time, and provides flexibility to be applied on different variations of the
bin-packing problem. The results have been compared and successively validated with
a theoretical lower bound and a previously published algorithm that tackled the same

problem.
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Chapter One: Introduction

1.1 Overview

In the courier industry, the general bin-packing problem consists on
filling container(s) with all boxes to be shipped, by leaving the minimum
empty space in the container as possible. A variation of the
aforementioned problem, namely 3D bin-packing problem, takes into
consideration the height, width, and depth of each box. In addition, the
box weight as well as the container’s maximum allowed weight are

considered.

The multi-objective 3D bin-packing problem is an active research
topic in the literature. Many research papers (Martello et al. (2000),
Jangha and Sungsoo (2003), Mongeau and Bes (2003), and Elhedhli et al.
(2010)) were written to find the optimum solution using various
algorithms. In this research, a novel algorithm is proposed to fill the bins
layer by layer, the way the layers will be formed is first constructed, with
any number of box items, and then a bin-packing procedure will construct

the layers for the same box items.

The solution is applicable for any courier company with the same
constraints and objectives of this research. The outcome solution is to
improve and automate the couriers’ bin-packing process, optimizing

multiple criteria.

Researchers have examined many variations of bin-packing
problems, and recently more focus on multi-objective is being studied
(Sridhar and Page (2016), Kanna and Campus (2017), Piyachayawat and
Mungwattana (2017), Sridhar and Page (2017), and Sheng (2017)), which
make the studies more complicated, but more realistic as they are more

based on real life problems, especially with courier industry.
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Many courier companies use expert judgment for the task of bin-
packing and they should consider the load balance of the bins, utilize the
minimum number of bins, and optimize the placement of the boxes. This
is not an easy task and gets complicated with huge number of received

boxes.

20’ Gontainer 40’ Container

£ Ev

Figure 1.1: Containers standard sizes (20ft and 40ft)

In the courier industry, the containers have two standard sizes, 20ft
long, and 40ft long, for both sizes, the height is 8.6ft, and the width is 8ft
(Figure 1.1). The boxes have many dimensions in terms of weights,
shapes, and volumes. As Couriers ships all kind of shipments, the boxes
are placed in many shapes of packages, they use 3 different size of boxes
(to be filled inside the container) for papers, books, etc. They accept
larger items that are directly placed in the container without packaging

them into boxes.

This research will refer to containers as bins, and any shipment

packed or to be packed in the bin(s) as box(es).
1.2 Bin-packing problems overview

Bin-packing problems can be classified as online or offline problem,
online means the boxes to be packed in containers as they arrive, while
offline, packing the boxes starts once all the boxes are well known before
starting solving the problem. Our study focuses on an offline bin-packing

problem.



Some criteria to be considered for the bin-packing problem are the
dimensions of the boxes and bins. In 1D bin-packing problem, only one

property is considered for solving the problem, like the weight of boxes.

In 2D problems two properties are considered, for example, length
and depth of small rectangles into bigger rectangles, or weight and
volume in gas and liquid shipping. While in 3D problems, three
properties are considered, like: width, height, length, weight, etc. such as
packing boxes into containers, which has wide usage in courier, factories
shipping, and logistics industry. This research considers a 3D bin packing
problem. In addition, the dimensions of boxes or bins, could be of fixed
or variable sizes. In this research, we assume that the bins are of fixed
dimensions and fixed maximum weight, whereas the boxes are of
different dimensions and weights, but all known before solving the

problem. The boxes and bins have cuboid shapes.

The Bin-packing problems could also have a single objective, or
multiple objectives to be optimized when solving the problem. Our

research focuses on a multi-objective 3D bin-packing problem.

The literature has different variations for the bin packing problem,
and has been classified in many ways (Dyckhoff and Finke, 1992).
Problems similar to the subject of this research are referred to as 3D bin-
packing problems, where all the boxes have to be packed inside bins, and
the objective is minimizing the cost by minimizing the number of
containers. However, other problems have tolerance of leaving out boxes
not packed into containers; these problems refer to as 3D knapsack

problems, and the objective is to maximize the bins’ utilized volume.

Another classification is based on the type of boxes to be packed.

The boxes of the same type, have the same shape and dimensions.



Therefore, the problem could have homogeneous set of boxes (one box
type only), weakly heterogeneous set of boxes (few box types, many of
each type), or strongly heterogeneous set of boxes (many box types, and

few boxes of each type).

The subject of our research can be classified as 3D bin-packing
problem, with weakly heterogeneous set of boxes, for minimizing the

number of bins, and balance them.

1.3 Problem Statement

The purpose of this research is to solve a real-world problem of bin-
packing in the courier industry, of packing all the boxes into minimum
number of bins as possible, without exceeding neither the maximum

allowed weight of bins, nor the bin’s dimension.
1.4 Research Objectives

The objective of this research is to propose a novel algorithm for

solving multi-objectives 3D bin-packing problem, such that:

1. Minimize the number of bins used.
2. Balance the load of all the bins, each loaded bin’s weight should

be as close to average bins weight as possible.

1.5 Research Scope and Limitations

The research will does not different bin’s sizes, and will not consider
bins rotation, as the bins are fitted only in one way while being shipped,

by any shipment method (air, land, sea).

The constraints considered for this research are limited to the following

inputs:



1. Bin dimension

2. Bin maximum allowed weight

3. Box dimension

4. Box weight

The functional constraints to be considered:

1. The total boxes’ weight within a bin shouldn’t exceed the bin
maximum allowed weight.

2. The total boxes’ volume within the bin shouldn’t exceed the bin
volume.

3. The total boxes dimensions shouldn’t exceed the bin dimensions, in

terms of length, width, and depth.

Box types, in terms of dimensions and weight need to be defined at
the beginning of the execution of the algorithm. The boxes have to be in

cuboid shape.

The rotation of boxes is allowed only horizontally, it will not be
considered vertically, and the base of the boxes is always the bottom face
(Figure 1.2).

There will be no limitation on what boxes to be placed on the top of
other boxes, but the base of the box has always to be at the bottom, as per
(Figure 1.2):



Figure 1.2: Fedex 10kg box

1.6 Contribution

This research contributes to a real world problem of 3D bin-packing
problem with a novel algorithm. It is not only limited to the cargo
industry, but it can be expanded to any logistic service in any industrial

sector.

The novel algorithm will be evaluated and scaled up and down in
future studies, in order to make it applicable to many bin-packing

problems, which is an addition to the research and practical worlds.
1.7 Methodology

The literature will be scanned for approaches to solve the 3D bin-
packing problem, and approaches will be compared to find the best
approach for solving the multi-object 3D bin-packing problem with
objectives similar to those of this research. The most suitable approach

will be adapted to create a new algorithm.

The data will be collected from a courier industry. The proposed

algorithm will be implemented, tested and compared with existent



algorithms. A deep experimental study will be conducted to evaluate the

performance of the proposed solution approach.

1.8 Thesis Outlines

The thesis report will contain five chapters. After introducing the
problem in chapter 1, a deep review of existent works related to the
investigated problem will be reported in chapter 2. Chapter 3 details the
proposed novel algorithm to solve a 3D bin-packing problem. In chapter
4, results of an experimental study conducted to test the propose approach
as well compare it with existent algorithm will be displayed. Finally,
chapter 5 will conclude the entire research, and highlights possible future

about this research.
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Chapter Two: Literature Review

2.1 Introduction

This chapter reviews the literature for previous researches on the
bin-packing problems. The literature is reviewed based on the proposed
solution type: exact algorithm, evolutionary and nature-based, and finally,

heuristic approach solutions.
2.2 Exact algorithm approach

The approach used to find an optimal solution is called exact
approach. The Branch-and-Bound algorithm proposed by Martello et al.
(2000) to get an optimal solution for 3D rectangular bins is one of the
exact approaches. The researchers used examples of up to 90 items, and
have shown reasonable time, however, as the number of items, and items

dimensions increase, the execution time will considerably increase.

Jangha and Sungsoo (2003) proposed a modified First-Fit and Best-
Fit-Decreasing algorithms for packing variable size boxes into minimum
number of bins, the proposed algorithms are: iterative-first-fit and
iterative-best-fit-decreasing, where the standard algorithm is used initially
to pack the boxes, then repack the packed boxes iteratively until an
optimal solution is reached. However, the problem doesn’t consider
constraints, and will take longer time for obtaining a solution, as the

number of boxes increases.

Mongeau and Bes (2003) focused on optimizing the load of boxes
into aircraft container with multi-objectives of minimizing the fuel

consumption, maximizing the number of loaded boxes, and satisfying the
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stability criteria using integer linear programming method. The Air
container was divided into two along longitudinal axis of aircraft, and the
boxes must be loaded on both containers simultaneously to maintain

center of gravity along the axis.

Elhedhli et al. (2010) proposed a Branch-and-Price algorithm to
solve the bin-packing problem, specifically for scheduling and resource
allocation. The algorithm was compared to similar approaches and the

results indicate efficiency and stability for the algorithm.

Exact algorithm aims to provide optimal solutions. However, it
works in reasonable time for small problems, where the number of boxes

1s small, and few boxes dimensions are to be considered.

The exact algorithms are usually not able to find an optimal solution

in reasonable time when the number of boxes and boxes types increase.

2.3 Evolutionary and nature-based algorithms

approach

Evolutionary approaches are well suited to solve large bin-packing
problems; to achieve near optimal solutions. The constraints added to the
problem aim to mimic the practical problems of bin-packing, have big
impact on the complexity of the problem, and hence, the efficiency of the
solution proposed Hopper and Turton, (1998); Tavakkoli et al, (2009);
and L1, X., Zhao, Z., & Zhang, K. (2014).

Hopper and Turton (1998) studied Genetic Algorithm (GA)
applications on 2D and 3D bin packing problems. They have provided
classification for the bin packing problem and genetic operators, and

came to the result that the GA can be used for various bin packing

11



optimization problems, and the complexity of the problem increases as

constraints and geometric parameters increase.

Bortfeldt and Gahring (2001) proposed a hybrid Genetic Algorithm
for 3D bin packing problem for a single container, considering the

following constraints:

1. Box edges constraint being parallel to container wall.

2. Overlapping constraint (boxes have to be placed on the top of
each other).

Boxes packed within container boundary.

Rotation constraint.

Stacking constraint.

Container maximum allowed weight.

NS e

Stability and balance constraints.

Boxes considered for the problem are strongly heterogeneous, and
the proposed algorithm tested using procedures from other authors. The
computing time is within acceptable limits. Pimpawat and Chaiyaratana
(2001) proposed a heuristic co-operative co-evolutionary GA to optimize
the sequence of loading boxes into container, by dividing larger
sequences into smaller sequences, then loading the boxes with larger
sequence into the container from bottom-left corner of the container. An
Integer based encoding was used for GA, and differentiated from

traditional GA by using different means of selection of the population.

Leung et al. (2008) implemented Genetic Algorithm concept to
optimize the packing and distribution of carton boxes. Number of boxes
to be filled in bins was decided by the Genetic Algorithm output, and also
the size of the box that can fit into the bin. The concept was implemented

for a Towel manufacturer, to decide the size of box to pack the towels in

12



it. The towels were categorized based on their types (wash towel, hand
towel, bath towel), and packed based on layer-by-layer concept and as a
result minimizing the box types. However, this research output is carton
designs, but have common objective of maximum container utilization,
similar to our research. Liu (2008) developed a multi-objective
evolutionary particle swarm optimization algorithm to solve 2D multi-
objective bin packing problem. Pareto’s optimality concept used to
evolve multiple solutions, and then numerical investigations performed to
compare the solutions with other optimization algorithms, which have

shown effectiveness of the proposed algorithm.

Wu et al (2010) proposed a mixed integer programming solution for
3D bin-packing problem, considering variable bin’s height. The bin and
boxes are both in rectangular shapes. The objective is to pack the boxes,
such that, the bin’s height is minimized. The boxes’ rotation is allowed,
and box’s edges parallel to bin’s edges. It has concluded that the proposed
approach showed better results than manual packing, however, for larger

problems with more constraint GA is better to use.

Li et al. (2014) considered that the bins are varying in size, they
utilized modified Genetic algorithm, by developing a novel heuristic
procedure. The heuristic procedure converts the boxes packing sequence
and the bin packing sequence encoded in a chromosome into a packing
solution. The purpose of using the heuristic procedure is to reduce the
amount of time the algorithm will take for producing a near optimal

solution.

Rudy and Zelazny (2015) considered a multi-objective 3D bin-
packing problem. The objective is to maximize the number of boxes
within a bin as well as the volume of boxes. They evaluated the solution

of implementing two algorithms, simulated annealing, and genetic

13



algorithms, then the results of the implementation were compared, and
showed that the genetic algorithm performs slightly better than the
simulated annealing. They also observed that using less number of boxes
(of same size) leads to better utilization of bin’s volume. In addition,
using more number of boxes will lead to worse utilization of containers.
The research didn’t consider different sizes and shapes of the boxes,
which is an important constraint in the real world 3D bin-packing

problem.

Sridhar and Page (2016) proposed an Adaptive Genetic Algorithm
(AGA) to solve the 3D multi-objective bin packing problem. The
constraints used are: number of bins, size, shape, weight, and container
dimension. The solution proposed uses an implementation of (AGA)
algorithm, which gets repeatedly applied until best solution is reached
based on the input constraints. After that there could be empty spaces left
in each bin, which gets filled by applying a Tuning algorithm. Finally, the
solution 1is presented in a graphical format for the packers. The
researchers stated that the proposed solution is not better nor the best, as
no comparison was conducted. However, the researchers consider the

results as satisfactory and effective in terms of execution time and results.

Kanna and Campus (2017) used Firefly algorithm for solving the 3D
bin packing problem of arbitrary sized heterogeneous bins into standard
size bin. They considered many constraints: placement, overlapping,
stability, weight, load bearing, and orientation constraints. The algorithm
was tested with real data and shows comparatively better results than the
best fit method and the genetic algorithm. Piyachayawat and
Mungwattana (2017) investigated an application of the 3D multi-
objective bin-packing problem, which is a distributor’s pallet loading

problem with mutli-size boxes and pallets in lamp and lighting factory.
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The objective was to find a loading solution that has the minimum
amount of used area by pallets. A Genetic algorithm and differential
evolution algorithm were used. The solution was evaluated by comparing
the application’s results with Human’s solution from real problem, and
concluded that the application’s solutions are mostly better, by an average
of 23% better than human expert judgment. However, the paper is about a
unique application for the bin-packing, but it’s similar to our research in
terms of 3D multi-objective bin packing constraints and objectives.
Moreover, the paper didn’t use other algorithms for testing the
performance of the proposed solution; rather they used human expert

judgment real results for comparison.

Sridhar and Page (2017) built on (2016) proposed a hybrid genetic
approach to find an optimal solution for the problem. They considered
more practical constraints in the cargo industry; such as, box orientation,
stack priority, bin’s stability, weight, overlapping, and placement. They
achieved the research goal, by optimizing the empty volume inside the
bin using a genetic approach. The research lacks comparative analysis of

other algorithms.

Although the literature suggested many efficient solutions for the
multi-objective 3D bin-packing, still suggesting high or near optimal
utilization of containers remain a challenge, and the subject is open for

research.
2.4 Heuristic algorithms approach

Luitpold Babel (2004) proposed online box packing into minimum
number of bins, considering the constraints: boundary crossing constraint
and overlapping in the shortest time possible using two algorithms, first is

modified first-fit algorithm, the second algorithm categorized the boxes

15



and packed them in separate bins. Since it is an online algorithm, the
optimum or near to optimum solution wouldn’t be reached similar to an
offline algorithm, where all the boxes are known in advance of executing

the algorithm.

Takahara (2006) researched a solution for the multiple containers
loading problem. A new simple meta-heuristic algorithm was developed
based on first-fit algorithm. To identify the best boxes arrangement within
the container, a first-fit algorithm was used, then the Simulated Annealing
algorithm used for reaching an optimal solution, considering load and
weight distribution constraints. The boxes are allowed to be rotated to
increase the effectiveness of the proposed solution. Dube and Kanavathy
(2006) investigated a 3D bin-packing problem for rectangular shape item
boxes and rectangular shaped Bins. The authors considered the rotation of
item boxes in all directions and proposed a heuristic algorithm. The
experimental results were graphically represented. The drawback of their
research is that they didn’t consider the weight of item boxes and didn’t
have a constraint for the maximum allowed bin’s weight. They also
mentioned that the solution was obtained within a reasonable time.
However, they didn’t present the execution time in the experimental

results.

Wang and Levy (2008) proposed a heuristic algorithm based on a
tertiary tree model for solving the problem of container loading problem
(CLP). Weakly heterogeneous boxes were considered. The homogenous
boxes are sorted and packed starting from lower left corner, then the
remaining free container space is packed using space decomposition
algorithm (optimal-fitting sequencing and an inner-right-corner
occupying rules). The rotation of boxes was considered to increase

solution effectiveness. The researchers compared the results with existing
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algorithms, and have shown the effectiveness of the proposed algorithm.
Coffman (2008) proposed an algorithm based on random order best-fit
algorithm, where the boxes are packed into blocks such that the total
volume of the block is almost equal to the bin’s volume, and have shown
that it gives the same result of next-fit algorithm. It’s another way for
solving the bin-packing algorithm, however, it doesn’t consider the
practical constraints, and wouldn’t be timely efficient with large number
of boxes. Cao (2008) studied two problems, truck scheduling and storage
allocation. An integer programming model was proposed to minimize the
queue and trucks travel time. Also heuristic and GA algorithms were
experimented, and the results showed that the heuristic is best used for
small problems (less than 5 bins), while GA suitable for large sized

problems (more than 15 bins used).

Egeblad and Pisinger (2009) proposed a heuristic algorithm for 2D
and 3D knapsack problems. The authors didn’t consider any constraints,
but considered boxes rotation, which makes their algorithm more
theoretical than practical. They packed rectangular boxes into bins of
fixed dimensions. Their novel work is an abstract representation of box
placement, and they called it sequence triple. They’ve run comparative
analysis to compare the proposed solution with various previous
approaches, and obtained promising results. Huang et al (2009) developed
a new algorithm for solving a 3D single container loading problem, with
focus on packing outside box into a corner, such that, it was closely
packed as possible. Rotation was considered, but the weight was not. The
experiment was run on 800 strongly heterogeneous boxes, and has shown
87.97% average bin’s utilization. Gurbuz and Akyokus (2009) proposed a
new heuristic algorithm as well, which can accept different rectangular

box types to be packed into rectangular shaped bin. They did not consider
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any orientation for the boxes and height of the Bin. The efficiency of the
proposed algorithm was measured by percentage of waste space within a
bin after packing all boxes. They didn’t consider the weight of boxes as a
constraint, which makes the solution not applicable for the courier

industry in general.

Wu et al (2010) proposed a mixed integer programming solution for
a 3D bin-packing problem, considering variable bin’s height. The
container and boxes are both of rectangular shapes, and the objective is to
pack the boxes, such that, the bin’s height is to be minimized. The boxes
rotation is allowed, and the box edges are parallel to the bin’s edges. It
was concluded that the proposed approach showed better results than the
manual packing. However, for larger problems with more constraint GA
1s better to use. Han et al (2010) proposed a dynamic heuristic algorithm
and a modified first-fit approach to minimize the number of containers
required to pack all boxes. No constraints were considered. Thus, the
researchers mainly focused on analysis of first-fit algorithm for problems

of bin-packing type.

Kang et al. (2012) proposed an Improved Deepest Bottom Left with
Fill (I-DBLF) algorithm utilizing a hybrid genetic algorithm, for the 3D-
BPP to pack a single bin with both homogeneous and heterogeneous
boxes. The objective was to pack maximum number of boxes with
minimal space waste within the bin. The constraints considered were: 1.
each box fit completely within the container. 2. Boxes are not allowed to
overlap. 3. Each box is parallel to the bin's surface, and either supported
by the bin’s surface or other boxes. The rotation of boxes was also
considered in the solution. The research didn't consider the bin’s weight,

and multiple bins, they left it for future work.
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Li et al. (2014) considered that the bins are varying in size and
developed a modified Genetic algorithm. The heuristic procedure
converts the boxes packing sequence and the bin packing sequence

encoded in a chromosome into a packing solution.

Oylek (2015) examined two bi-criteria bin-packing problems, both
of them considered only the weights as constraints and focused on
minimizing two objectives, namely the number of bins and the maximum
over-deviation. The paper doesn’t consider 3D bin-packing, which makes
the studied problem less realistic and far away from the cargo industry
bins packing. Saraiva et al. (2015) proposed a layer-based solution for the
3D multi-objective bin-packing problem. Their approach consists on
building horizontal layers of identical items first, and then generating a
packing pattern by greedily loading the layers using multiple selection
criteria. The authors didn’t consider real world constraints such as the
weight of boxes, and bin maximum allowed weight. Their focus was to
minimize the waste percentage, while providing speedy execution time.
They’ve validated the proposed solution with by re-implementing wall-
building algorithm by George and Robinson (1980), and their solution
was showing better results. The results presented in the paper have shown
huge variation in the weight of Bins, even when excluding first and last
bins. The idea of using Layers speeded up the execution and finding the

solution but the bins were not balanced, as shown in Figure 2.1
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{a) Bin 0: 5.56% (3.97%) {b}) Bin 1: TRO8% (69.47%) {c) Bin 2: 55.42% (44.92%) {d) Bin 3: 82.61% (96.80%)

(e} Bin 4: 82.36% (64.18%) (f) Bin 5: 66.18% (56.25%) {g) Bin 6: 45 85% (63.92%) (h) Bin 7: 35.16% (94.34%)

Figure 2.1: Final packing patterns, bin number, its volume, and weight percentage.

Saraiva et al (2015)

Trivella and Pisinger (2016) considered load balancing of the bins,
the minimum number of bins, and placement as objectives. The authors
proposed a heuristic algorithm to solve the problem. The empirical study
produced promising results. However, no comparative analysis was done,
and the criteria used are less practical than the real world operation in the

cargo industry, as it didn’t consider the maximum allowed bin’s weight.

Sheng (2017) addresses the problem of loading orders into
containers for shipment at factories, so that boxes expiring soon should
have priority in shipment, and boxes without expiry have the lowest
priority. In addition, if a box of a given order is packed into a bin, the rest
of the boxes of the same order must be packed within the same bin.
However, if one box of an order cannot be packed in the same bin, all the
boxes shouldn’t be packed in that given bin. The problem is classified as
3D Single Knapsack Problem 3D-CLP, with the following constraints:
orientation constraint, stability constraint, guillotine-cutting constraint,
complete-shipment constraint, and the loading priority constraint. A
Heuristic was proposed to solve the problem of order packing into bins.

The heuristic first selects the order collections using Simulated Annealing
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strategy, and then packs the collection into a bin using tree-graph search

procedure. Finally, the algorithm is validated using experimental results.

The multi-objective 3D bin-packing could have multiple solutions
suggested by the literature. However, the number of constraints and
complexity of the requirements could impact the efficiency of the
solution. According to Hopper and Turton (1998), Tavakkoli et al.
(2009), Wu et al. (2010), Li et al. (2014), the Genetic Algorithm is the
best approach to be used for medium to large bin-packing problems, and
even with usage of the Genetic Algorithm, the way the chromosomes are
encoded, could impact the time taken to reach the optimum or near to

optimum solution.
2.5 Conclusion

The literature shows multiple classifications for the bin-packing
problems, and have different approaches to solve the problem. The
proposed solutions in the literature give guidelines on how to solve the
3D bin-packing problems, depending on the objectives, and the
constraints to be considered in the solution. Despite, the 3D bin-packing
problem has been discussed and investigated since long time, still the
researchers are working on it with the aim of improving the solutions, and
providing novel approaches with the consideration of advancements in

the technology.
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Chapter Three: The Proposed Approach

3.1 Introduction

This chapter will illustrate the problem description, problem notations
and bounds, then the proposed LBA-3DBPP (Layers Based Approach for
the 3D Bin-Packing Problem) algorithm is explained, with all of its steps
(3 steps). Finally, the advantages of the proposed algorithm will be

discussed.
3.2 Problem Description

The 3D bin-packing problem consists of loading number of cubic
boxes of different types (dimension and weight) into a minimum number
of identical bins. The packed boxes must not exceed the bin’s dimension

and maximum allowed weight.

To illustrate the problem parameters, below are the definition of

each of them, and how they will be used in the proposed algorithm:

e Bin’s dimensions: Width, length and depth of the bin. These
parameters can be set at the beginning of the algorithm
execution and remain the same for the same problem instance.

e Bin’s Volume: once the dimensions are set, the bin’s volume
gets calculated and stored.

¢ Maximum bin’s weight: the maximum bin’s weight allowed
needs to be set prior to the execution of the algorithm and

remains the same for the problem instance solved.
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Box Types: for each box type, the box dimension and
maximum weight is set, they remain the same during the
algorithm execution.

Variable parameters: The only two parameters that may
vary during the proposed algorithm execution are the box’s

weight and the number of each box type.

In our research we will need to formulate many constraints and

objectives as mathematical expressions. Table 3.1 will show each variable

definition, and Figure 3.1 illustrates its exact usage:

z
&
e ’ P
Lof Wil H
h, Bottom
) ~X
e iii
| g D
/ L
»
b4

Figure 3.1: Bin and box dimensions
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Table 3.1: Bin-packing problem notations.

m Number of bins (to be minimized)
t Number of box types (in term of dimensions)
" The total number of boxes of all types
(n =dimn
n; Number of boxes of type i, i=1, ...., ¢
D,L,and H The depth, length and height of a bin
w Maximum allowed weight of a bin
vV The volume of abin (V' =D * L * H)
d,, I; and b ;l’“llli ;i,e?T,tlength and height of a box of type
Wy The weight of box &, k=1, ..., n
Vg The volume of box &, k=1, ..., n

3.3 Bounds and Problem complexity

The problem consists on deciding for each bin j;1 < j < m; the set of
boxes that it will hold as well as how these boxes are to be placed. Let:

xkj={

1if box k is placed in bin j

0 otherwise

The objective is to minimize the number of bins used to pack all the
boxes respecting the following constraints:

e The total boxes weight within a bin j shouldn’t exceed the bin

maximum allowed bin weight, equation (3.1) the formulation of

this constraint:

Yk Xpj*wp < W j=1,...m (3.1)

e The total boxes volume within the bin j shouldn’t exceed the bin

volume, equation (3.2) shows the formulation of this constraint:

She1Xkj*vpe <V j=1,...m (3.2)

25



In order to set the lowest possible value for the optimal solution for
the 3D bin-packing problem, we define the volumetric lower bound /b,

which is formulated in equation (3.3):

b = Zk=1V (3.3)
| %4

3.4 The Proposed Algorithm (LBA-3DBPP)

In order to meet the objectives of the research and satisfy all the
functional constraints, a novel algorithm was designed which packs the
boxes in the minimum a number of bins layer by layer. The proposed
Layer Based Approach for 3D bin-packing problem, denoted by LBA-
3DBPP, is composed of two parts; the first part will run only one time
when setting the bin dimensions and maximum weight, and each box

type’s dimensions. This part consists of two steps:

Step 1: Identify the best orientation for each 3D box type
considering only its base face to place the maximum number of
boxes per horizontal layer. Each layer should consist only from
boxes of the same type as shown in Fig 3.2 and Fig 3.3. The benefit
of this step is storing box type orientation and the maximum
number of each box type per layer within the horizontal
dimensions; length and depth in order to speed up the next

algorithm steps.

Figure 3.2: orientation option 0
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Figure 3.3: orientation option 1

The pseudo-code of this step is detailed in 2D-layers-candidates
Algorithm 1:

Algorithm 1 2D-layer-candidates

l: {Input: D, L,d;, l;,i=1...¢

2: | Output: hlc; = maximum number of boxes per one horizontal
layer for each box type i, i=1...¢

fori=1tordo

e = ma (| 4] x| 2], 2] x|

return hlc;.
end for

g B

Step 2: Identify all possible solution candidates formed by combining
layers of different box types that can vertically fit in a bin without
exceeding its height. In this step, the total weight of boxes is not
considered, neither the material within the box, and any box can fit in
any bin. Therefore, some solution candidates would not be feasible
and will be discarded further. The details of this step is illustrated in

Figure 3.4 and summarized in Algorithm 2.

TR

Figure 3.4: layers layout in a Bin (example: 3x25kg box +2x10kg box)
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Algorithm 2 3D-solution-candidates

1: Input: D, L H, di> lia hi> i=1...¢t
2: | Output: set of combined layers that can volumetrically fit within
a bin

3:185=0
H

4: | for 1 =0to l TJ do //ry is the number of layers of boxes type 1
1

H
5: for T2=Otol-——J do
h;

6: for Tt=0tolh£j do
t
7: if (X{_;7rh; < H) then
t
8: §=S§ U (U r; layers of boxes type i)
i=1
9: end if
10: end for
11: end for
12: | end for

13: | return S.

The second part of the proposed LBA-3DBPP algorithm focuses on
placing the received boxes into a minimum number of bins. The
algorithm will go through the unpacked boxes and check their numbers.
Then, it will loop through the Layer solutions, starting with layers with
highest volume wise bin utilization, to pack the maximum number of
boxes within a bin respecting the bin’s maximum weight. In addition, the
algorithm at each iteration, will check the unpacked boxes total volume.
If it is less than or equal the bins volume, the remaining unpacked boxes
will be placed in the last bin. The pseudo code of the LBA-3DBPP is

shown in Algorithm 3.

Note that w;, in line 17 is obtained by adding the weights of the

(ni,/2) heaviest unpacked boxes type i and the weights of the (n;,/2)

lightest unpacked boxes typei . The condition in this line ensures the
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feasibility of the solution S, in term of bin’s maximum weight and helps

in getting balanced bins in term of weights.

Algorithm 3 LBA-3DBPP

1:

11:
12:
13:
14:
15:
16:
17:
18:
19:
20:
21:
22:
23:
24:
25:
26:
27:
28:
29:
30:
31:
32:
33:
34.
35:

Input: D, L, H W, d;, l;, hj,n;,i=1...tandwy,k=1...n.
Output: m filled bins (m to be minimized).
S =result of 3D-solution-candidates call
Sort S in decreasing order of bin’s volumetric utilization.
m=20
accept S, = true
U: set of all received boxes not yet packed
for i=0tot do
k; = 0 (k; is the number of packed boxes type I)
end for
while U + @ do
for p=1to|S| do
Ws, =0
for i=0tot do
n;p = number of boxes type i in solution S,
end for
if Wsp > W then
accept S, = false
check the next solution (line 12)
end if
for i=0tot do
ifn,, > n; — k; then
accept S, = false
check the next solution (line 12)
end if
end for
if accept S, = true then
fill the bin By, according to S,,

U= U - {the packed boxes in B,,}

m=m-+1
go to line 11
end if
end for
end while
return m.
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On Table 3.2 new notations used in the algorithms are explained:

Table 3.2: LBA-3DBPP algorithm notations.

Algorithm 1 hlc; Horizontal layer candidate of i
Algorithm 2 ) Set of horizontal layers forming a solution
Algorithm 3 Ws, Total weight of boxes within a solution

If the number of box types and dimensions, and bin’s dimension is
the same for different number of box items, only phase 2 can be executed
multiple times, to achieve the best solution, which saves the time of

executing first part of the algorithm.

On another note, before proposing the LBA-3DBPP many attempts
were done to propose Genetic Algorithm to solve the 3DBPP, but the
execution time were reaching 7-8 hours for small problem size, which

then diverted the research towards a Heuristic Algorithm.
3.5 Conclusion

The new proposed algorithm LBA-3DBPP consists of 2 phases,
phase 1 consists of 2 steps. The first 2 steps of phase 1 are to be executed
only 1 time for the same set of bin dimension and box types, the 2" phase
can be executed multiple times as the count of box items changes. The
algorithm shows many advantages over other heuristic algorithms,

specifically in the design to minimize the execution time.
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Chapter Four: Experimental Results

4.1 Introduction

This chapter shows an implementation of the proposed heuristic
algorithm LBA-3DBPP, for two box types, and illustrates the
implementation results, with comparison with previously proposed
algorithms, showing promising results, and very fast execution time of
the algorithm. The chapter starts with implementation parameters, then
the implementation, followed by the experimental results, and finally the

discussion of the experimental results.
4.2 Implementation Parameters

As the LBA-3DBPP algorithm can cater for various bin’s dimension,
and maximum weight, and can take variable number of box types, we

have set the parameters for our implementation as per Table 4.1:

Table 4.1: LBA-3DBPP implementation parameters

“ Type | Depth | Height | Lemgth | Maximum Weight
" Bin | 2438 om 178 cm 3175cm | 6804kg
Box A 40.16 cm 32.86 cm 25.88 cm 10 kg
Box B 54.8 cm 42.1 cm 33.5cm 25 kg

The parameters are real data from FedEx, the bin size is one of the

standard bins used for Air courier.
4.3 Implementation

The algorithm was implemented using Visual Studio 2017 (C#
language), and MS SQL Server 2014 database, the bin, boxes parameters
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and shipments details are stored on SQL tables, the full algorithm parts
were implemented using C# language, and adopting MVC (Model, View,
Controller) concept, to maintain the modulatory of the application. Only
one function was implemented using SQL stored procedure on SQL
Server, to take advantage of memory tables on SQL, which have boosts

the performance of the application.

The application was tested on 64-bit Windows 10 Lenovo PC, with
8.0 GB DDR4 SDRAM, Intel® Core™ i7-6700 CPU @ 3.40GHz, 4

cores and 8 logical processors.
4.4 Experimental Results

The implementation of the first part (phase 1, step 1) of the
algorithm and the setup for the box types is shown in Table 4.2:

Table 4.2: LBA-3DBPP algorithm box types results

~ Type | Orientation | Items per Layer
Box A 0 72
Box B 0 36

The Layers solutions generated also from the first part (phase 1, step
2) of the algorithm are shown in Table 4.3, it shows the layers based
solutions candidates, i.e. to achieve highest layers based utilization
(97.4%), we have to pack 4 layers of box type A (288 boxes), and 1 layer
of box type B (36 boxes). These layers solutions will be reused for
packing each bin, trying to pack the boxes based on the layers solution

starting from the solution candidate with highest utilization to lowest.
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Table 4.3: LBA-3DBPP algorithm Layers solutions

Solution BoxA BoxB BoxA total per BoxB total per Utilization %
ID Layers Layers layer layer
- ; : - T o
2 0 4 0 144 0.946
3 5 0 360 0 0923
4 1 3 72 108 0.894
5 2 2 144 72 0.842
6 3 1 216 36 0.79
7 a4 0 288 0 0.738
8 0 3 0 108 0.709
; - ) B s oeer
10 2 1 144 36 0.605
11 3 0 216 0 0.553 |
12 0 2 0 72 0.473
13 1 1 72 36 0.421
14 2 0 144 0 0.369
15 0 1 0 36 0.236
16 1 0 72 0 0.184

The second part of the algorithm is the part that will be repeated for

any set of shipments. Multiple iteration has been tested, and the obtained

results are compared with the lower bound /b, the results provided by the

algorithm proposed by J. Kaabi et al. (2018), and also EB-AFIT

algorithm proposed by Saraiva et al. (2015) that is also layers based

approach, Table 4.4 shows the execution results:
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Table 4.4: LBA-3DBPP experiment results

Number  LBA-  Execution J.Kaabiet Ib EB-AFIT EB-AFIT
of items = 3DBPP Time  al. (2018) (volumetric) Bins  Execution time
(seconds) Bins {seconds)
100 1 0.010 1 1 1 0.034
500 3 0.057 3 3 3 22.835
1,000 5 0.107 6 5 5 180
2,500 13 0350 15 11 12 2,820
5,000 26 0837 30 22 24 21,600
7,500 39 1.843 T 33 36 72,000
10,000 52 2.177 60 44 - N/A
25000 131 5.787 153 109 - N/A
50,000 261 17.230 305 219 - N/A
75,000 392 28310 457 328 - N/A
100,000 522 = 48160 609 437 - N/A

As shown in Table 4.4, EB-AFIT algorithm shows better solution
than LBA-3DBPP proposed algorithm in terms of number of bins, for
mid-range problem, however, the execution time of the algorithm gets
exponentially increased as the number of boxes increases, from 10,000
boxes and above, the execution time becomes unfeasible to experiment.
While LBA-3DBPP execution time gets slightly increased as the number

of boxes increases.

LBA-3DBPP shows better solutions as well than the algorithm
proposed in J. Kaabi et al. (2018) in terms of number of bins used,
starting from number of boxes equals 1,000 boxes and above, and as the
number of boxes increases, the number of bins used are less in LBA-

3DBPP, and with the advantage of short execution time.

For problems with number of boxes is 1,000 and less, LBA-3DBPP

have an optimum solution that meets the lower bound (/b) solutions, but
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as the number of boxes increases, the solution of LBA-3DBPP deviates
from the /b solution by approximately %18, but taking into consideration
that the /b is volumetric based, it wouldn’t be necessarily be achieved

taking into account the maximum allowed weight for the bin.

The example of 2,500 boxes has been thoroughly analyzed, in terms
of the bins average volume and weight utilization, and weight balance of
all the bins, and it has shown promising results as illustrated in Figure 4.1

and Figure 4.2 consecutively.
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Figure 4.1: LBA-3DBPP volume and weight utilization results for 2,500 boxes

The volumetric utilization in Figure 4.1 of all the bins is very high,
the waste of bin volume is minimum, and the weight utilization is
between 30%-40%, as the volume utilization is higher for achieving

minimum number of bins solution.
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Figure 4.2: LBA-3DBPP 2,500 boxes solution bin’s weight

Figure 4.2 shows minimal differences between the weights of bins,
which meets the objective of loading the balance of all bins in the
solution (minimize difference between the weight of each bin and the

average weight).

4.5 Discussion

The new proposed algorithm LBA-3DBPP reached optimum
solution for small problem set up to 1,000 item boxes on the experimental
data, and has shown promising solution for large (more than 15 bins used)
problem set. However, the main noticeable advantage over other
algorithms was the execution time, as 100,000 boxes were packed
completely in 48 seconds, and also for small sets up to 5,000 boxes the

execution time is less than 1 second.

The objectives of minimizing number of bins, and spreading the load
weight across the bins were both satisfied in the sample sets of data
tested, volumetric utilization were above %90 and the deviation of bins

weight from the average weight was minimal.
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Figure 4.3: Comparison for number of Bins versus number of Boxes

The chosen implementation technologies played huge role in
achieving the speed solutions, which makes the LBA-3DBPP a real
advancement in the academic and industrial world, and the clean
implementation of the algorithm makes ready to be commercial product

to solve real world bin-packing problems.

4.6 Conclusion

The LBA-3DBPP algorithm shows promising results, and shows
better results than the compared algorithms: J. Kaabi et al. (2018) and
EB-AFIT. The algorithm satisfies the objectives of the research, and

outperforms the compared algorithms in terms of execution time speed.

38



Chapter Five

Conclusion

5.1. Conclusion
5.2. Future work

39



Chapter Five: Conclusion

5.1 Conclusion

The bin-packing problem is an old problem and has been studied by
many researchers over the years, and each has suggested a solution for the
problem. However, there are many variations of bin-packing problems,
depending on the objectives of the research. From the literature we’ve
seen that even of the same objectives being investigated, still there are

multiple solution approaches proposed to solve them.

Our research is contributing to the academic world with a novel
algorithm that generates solutions in matter of seconds with optimum
results for small problems, and promising solutions for large problem
instances. The proposed algorithm LBA-3DBPP implemented, and
compared with J. Kaabi etal (2018) proposed algorithm and have shown
better solution in terms minimum number of bins and average bins
weight, and also compared with EB-AFIT algorithm proposed by Saraiva
et al. (2015), which have shown slightly more number of bins for large
problems, but better bin’s weight balance and far better execution speed.
The maximum execution time for LBA-3DBPP algorithm was 48 seconds

to pack 100,000 boxes of two box types.

The literature suggested that Genetic Algorithm have to be
considered for large problems, however, if the execution speed has more
priority than the number of bins and weight load balance, then LBA-
3DBPP could be considered instead of Genetic Algorithms.

5.2 Future work

For future work the algorithm could be enhanced by considering the

rotation of boxes in all direction and could consider layers with mixed
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box types, which would make the problem more generic and applicable to

wider range of real-world problems.

The proposed algorithm LBA-3DBPP could be tested on more
heterogeneous box types, which will expand the applications of the

algorithm.

More applications of the algorithm could be investigated to solve

different real-world problems other than the bin-packing problem.
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Appendix 1 — Finding Layers solutions source

code

public class LayersPacking

{
public int DataPrep()

|
BinPackingDataDataContext db = new BinPackingDataDataContext();

// Find best orientation to maximize items per layer in Bin, for each
box type:

var bins = (from c in db.Containers
select c).ToList();

if (bins.Count != 1)
return -1;

var boxes = (from b in db.Boxes
select b).ToList();

if (boxes.Count < 1)
return -2;

for (int i = @; i < boxes.Count; i++)

double wl = Math.Floor((float)(bins.First().bin_width /
boxes[i].box_wdith));
double d1 = Math.Floor((float)(bins.First().bin_depth /

boxes[i].box_depth));
double itemsl = wl * d1;

double w2 = Math.Floor((float)(bins.First().bin_width /
boxes[i].box_depth));
double d2 = Math.Floor((float)(bins.First().bin_depth /

boxes[i].box_wdith));
double items2 = w2 * d2;

int orientation = itemsl > items2 ? @ : 1;
int items = (int)(itemsl > items2 ? itemsl : items2);

(from p in db.Boxes
where p.ID == boxes[i].ID
select p).ToList()
.ForEach(x => { x.best_orientation =
orientation; x.items_per_layer = items; });

db.SubmitChanges();
}

// Find the utilization % for each layers combination and store it in a
list

float? binHeight = bins.First().bin_height;

float? boxAHeight = boxes[@].box_height;

int? boxAitemsPerLayer = boxes[@].items_per_layer;
float? boxBHeight = boxes[1].box_height;
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int? boxBitemsPerLayer = boxes[1].items_per_layer;
int[] maxItems = new int[boxes.Count];

db.ExecuteCommand (" TRUNCATE TABLE Layers;");
for (int i=@; i < boxes.Count; i++)

maxItems[i] = (int)Math.Floor((float)(bins.First().bin_height /
boxes[i].box_height));

for(int a=0; a <= maxItems[@]; a++)
for(int b=0; b <= maxItems[1]; b++)

{
float stack = (a * (float)boxAHeight) + (b *
(float)boxBHeight);
if(stack <= binHeight)
{
Layer layer = new Layer();
layer.boxA = a;
layer.boxB = b;
layer.boxAtotal = a * boxAitemsPerLayer;
layer.boxBtotal = b * boxBitemsPerLayer;
layer.utilization = (decimal)(stack / (float)binHeight);
db.Layers.InsertOnSubmit(layer);
db.SubmitChanges();
}
}
return 0;
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Appendix 2 — bin-packing source code

// LBA-3DBPP algoirthm
public int FillBinsByLayers()
{

bool MainFlag = true;

int numberOfBins = 0;

var tmp = db.ClearBins();

var Container = (from c in db.Containers

select c).ToList();
(from ba in db.Boxes where ba.ID == 1 select ba).TolList();
(from bb in db.Boxes where bb.ID == 2 select bb).ToList();

var BoxA
var BoxB

float containerVolume = (float)Container.First().bin_width *
(float)Container.First().bin_height * (float)Container.First().bin_depth;

float boxAvolume = (float)BoxA.First().box_volume;

float boxBvolume = (float)BoxB.First().box_volume;

Log("Algorithm Start");
while (MainFlag)
i
var Solutions = (from 1 in db.Layers
select 1).0rderByDescending(x =>
x.utilization).ToList();
var recordsA = (from a in db.Shipments
where a.bin_id == null
&& a.box_type_id ==
select a.ID).ToList();
var recordsB = (from b in db.Shipments
where b.bin_id == null
&& b.box_type_id ==
select b.ID).ToList();

bool itemsPacked = false;

float totalBoxAvolume = recordsA.Count * boxAvolume;

float totalBoxBvolume = recordsB.Count * boxBvolume;

float totalBoxesVolume = totalBoxAvolume + totalBoxBvolume;

if (totalBoxesVolume <= containerVolume )
4
MainFlag = false;
numberOfBins++;
var temp = db.addNewBin("Last Bin " + numberOfBins.ToString(),
recordsA.Count, recordsB.Count, 1, (decimal)(totalBoxAvolume /

containerVolume));
}
else
{
foreach (Layer solution in Solutions)
{
if (recordsA.Count >= solution.boxAtotal && recordsB.Count >=
solution.boxBtotal)

{

numberOfBins++;

int temp = db.addNewBin("Bin " + numberOfBins.ToString(),
solution.boxAtotal, solution.boxBtotal, @, (decimal)(solution.utilization));

if (temp == 9)

{

itemsPacked = true;
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break;

J
else
{
numberOfBins--;
j
i
}
if(itemsPacked == false)
¢
Log("items not packed");
}

}
Log("Algorithm End");

Log("Number of Bins: " + numberOfBins.ToString());

return 0;
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Appendix 3 — AddBin SQL stored procedure

-- Author: Jasim Hasan

-- Create date: 20.10.2018

-- Last Modified: 23.11.2018

-- Description: Add new BIN and update shipments

CREATE PROCEDURE [dbo].[addNewBin]
@bin_number varchar(30),

@boxA int,
@boxB int,
@last_run int,
@utilization decimal(18,3)
AS
BEGIN

SET NOCOUNT ON;

declare @boxAl int, @boxA2 int, @boxBl int, @boxB2 int,
@shipments_total_weight real, @bin_max_weight real;

IF @last_run = 1
BEGIN
INSERT INTO Bins VALUES(@bin_number, @utilization, null);

update Shipments
set bin_id = IDENT_CURRENT('Bins')
where bin_id is null;
return 0;
END;

create table ##TempShipments

(
shipment_id INT  NOT NULL INDEX ix1 NONCLUSTERED,

shipment_weight real

¥s

truncate table ##TempShipments;

IF @boxA > @
BEGIN
set @boxAl = @boxA / 2;
set @boxA2 = (@boxA / 2) + (@boxA % 2);

set ROWCOUNT @boxA1l;
insert into ##TempShipments
select ID, box_weight

from Shipments where bin_id is null and box_type_id = 1 ORDER BY
box_weight;

set ROWCOUNT @boxA2;

insert into ##TempShipments

select ID, box_weight

from Shipments where bin_id is null and box_type_id = 1 ORDER BY

box_weight desc;
END;

IF @boxB > @

BEGIN
set @oxBl = @boxB / 2:
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set @boxB2 = (@boxB / 2) + (@boxB % 2);

set ROWCOUNT @boxB1;
insert into ##TempShipments
select ID, box_weight

from Shipments where bin_id is null and box_type_id = 2 ORDER BY
box_weight;

set ROWCOUNT @boxB2;

insert into ##TempShipments

select ID, box_weight

from Shipments where bin_id is null and box_type_id = 2 ORDER BY

box_weight desc;
END;

set ROWCOUNT ©;

-- check if total weight exceeds container's maximum weight
select @bin_max_weight = bin_max_weight
from Container;

select @shipments_total_weight = SUM(shipment_weight)
from ##TempShipments;

IF @shipments_total_weight > @bin_max_weight
BEGIN

drop table ##TempShipments;

return 1;
END;

INSERT INTO Bins VALUES(@bin_number, @utilization, null);

update Shipments

set bin_id = IDENT_CURRENT('Bins')

WHERE bin_id is null

and ID in (select shipment_id from ##TempShipments):

drop table ##TempShipments;
return 0;
END
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