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ABSTRACT

PARAMETERS’ ANALYSIS OF 3D RANDOM STACKING PALLETIZATION

by
Najeeb Syed

Palletization is a very important element of production, distribution and warehousing
activities. The 3D random stacking palletization method 1s based on volume utilization
instead of surface area optimization. Random stacking provides interlocking among the
boxes and hence it improves the stability of the pallet load. Volumetric Pallet Utilization is
normally the prnime concern of any palletization process, with Work in Process and
Palletization time being also important. This research uses data generated from a previous
heuristic to establish mathematical relationships between the three mentioned performance
indices and also three additional indirect variables, namely: Total Number of Sub
Volumes, Partitioned Remaining Volume Load Capacity and Total Zero Count. An Estimation
method for Volumetric Pallet Utilization is also developed by using the established

mathematical relationships.
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NOMENCLATURE
Boxci The box at the pick up location at the end of the conveyor.
Boxc: The box following boxc, in the random sequence.
Boxwr Best Box in the Work-In-Process area.
hgTi Height of box type 1.
Hgv; Height of sub volume j.
ISVLC  Individual Box Type Sub Volume Load Capacity.
IsTi Length of box type 1.
Lsv; Length of sub volume j.
MCBT Maximum Capacity of Box Type.
N The number of sub volumes that can fit a particular box, (N <M).

NBOP Number of Boxes On the Pallet.

NF Negative Flexibility.
P Number of additional sub volume added after a box loading process.
PF Positive Flexibility

PRVLC  Partitioned Remaining Volume Load Capacity.
RPT Robotic Palletization Time.

TNBT Total Number of Box Types.

TNSV, M Total Number of Sub Volume.

TZC Total Zero Count.

VPU Volumetric Pallet Utilization.

WET Width of box type 1.



NOMENCLATURE
(continued)

WIP Work-In-Process.
Wy Width of sub volume .

ZCBT Zero Count of Box Type
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CHAPTER 1

INTRODUCTION

The importance of using unit loads to make material movements efficient is well known.
The most commonly used unit loads are those that use pallets for unitization. The pallet
loading problem, as discussed here, addresses the georﬁetn’cal composition of the unit
load.

Pallet loading has applications in both production and distribution environments,
Since the production environment is likely to involve palletization of identical items, pallet
packing of the same size items is called manufacturer’s problem. On the other hand,
distribution channels often require placing of non uniform items on a single pallet. The
pallet packing problem for non-uniform boxes is therefore called distributor’s problem.
Most often, individual items considered for palletization are rectangular boxes.

There are three techniques by which boxes can be loaded on a pallet: the layer by layer
method which produces a layered pallet load, the column stacking method which results in a
column stacked pallet load, and thirdly, the random stacking pallet load method. This last
method results in interlocking of the boxes and hence provides greater stability. This study will
use the random stacking method for generation of data.

A palletization model has several basic objectives. They are:

e minimization of palletization time

o murumization of Work In Process



e maximization of pallet utilization

e maximization of stability of boxes

1.1 Problem Definition

Researchers have used different methods to solve the Palletization problem. For the 3D
Random Stacking problem, Abdou and El-Masry (1997) developed an algorithm to solve a
palletization case with random arrival of boxes. There were three direct outputs of the
algorithm, namely the Volumetric Pallet Utilization, Work In Process, and Robotic
Palletization Time. To get to these values they used three more variables called Total No. Of
Sub-Volumes, Partitioned Remaining Volume Load Capacity and Total Zero Count. The
heuristic maximizes the volumetric utilization while minimizing work in process and
palletization time. . These variables are explained later in chapter 2.

These six variables or parameters generate a lot of data dunng a palletization run and the
relationships between them are also not clear. So as a next step in the research, data analysis is
necessary to get meaningful conclusions and establish relationships between the parameters,
that will help in optimizing palletization performance indices.

One way to establish relationships is to get a mathematical equation representing the
connection between parameters. Following thesis includes the data generation using the
heuristic by Abdou and El-Masry, analysis of this data and the establishing of mathematical

relationship between the parameters discussed above.



1.2 Literature Review
The proposed research has two aspects as explained briefly in problem definition, one
aspect concerns the optimization of Palletization performance indices. And for this data
analysis has to be done, which constitutes the second aspect of the research. The following
literature review is hence divided into two parts, first part covers the palletization

literature and the second reviews some of the data analysis literature.

1.2.1 Palletization

Interest in palletization research goes back to as early as the end of the 60's. Until that time, as
simple as the palletization problem seemed to be, as much attention was given to it. But as
quality standards increased, the palletization problem required extra attention and this can be
observed in the many research studies that have tackled the problem in the last two decades.
While the past was mainly interested in maximizing the coverage of the pallet’s area, the
current trend is to focus on three-dimension problems that are concerned with the volume of
the pallet rather than the coverage of its area. Thus only 3D palletization and related works are
reviewed in the literature so as to continue the progress in developing new approaches serving
today's needs.

Heuristics are generally developed to satisfy special needs of manufacturers and
warehousing industries. To state simply that the problem considered is that of pallet loading, is
not sufficient to define it. This general description fits many situations with quite different
characteristics. In fact, there exists a wide variety of different problems, each being constrained

by its own problem definition, input requirements, and variations in the packing approaches
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adopted. A problem definition can vary from loading identical boxes on a pallet to loading a
mixed combination of box types on the same pallet. Input requirement can vary from having all
packaged goods lying on warehouse shelves to having boxes follow a path on conveyor belts in
pre-defined or completely random order. As for the different packing approaches, boxes may
sometimes require special attention such as being stacked with a certain face up. In other cases
some goods are not allowed to be stacked in proximity and sometimes packages may contain
fragile contents. Moreover, pallet fragility and material handling aspects are further
considerations which play a dominant role. The list could be easily expanded, but these few
examples are perhaps sufficient to illustrate that pallet loading can involve quit different - and
often multiple - objectives and constraints of which some may be very difficult to define in
precise terms.

Han er al. (1989) proposed a heuristic to load packaged goods into vehicles or cargo
containers. The dynamic programming approach was used to solve the 3D cargo-loading
problem. The heuristic is designed to solve for different problems but the restriction in the
algorithm is that the packages must be constant in both size and shape in a particular problem.
The loading procedure is based on the layer by layer style with no constraints with regard to
rotation about any of the three coordinate axis of the boxes.

Haessler er al. (1990) came up with a computer-based heuristic procedure for sizing
customer orders and developing 3D load diagrams for rail and truck shipment of low density
products. The loading heuristic develops an actual load plan that specifies what and how boxes
should be loaded in vehicles. The objective of the model is to maximize the size of the order

while at the same time avoid the risk of product damage, limit the time required to load the
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vehicle, and keep each product in the order as close together as possible to minimize the effort
in stack building, and in unloading inventory and storing the product at the receiving location.
This last consideration would be relatively obsolete if material handling were to be executed by
mechanical equipment or robots. This is worth mentioning, since customers could order any
mix of products. Furthermore, it is very difficult to know at the time of order entry, if any order
will completely utilize the cubic volume of the shipment vehicle. Therefore, an extra input to
the heuristic was information regarding how the order can be adjusted up and down so as to, if
needed, help maximizing the volumetric utilization of the vehicle while still meeting customer
product needs. Communication between the customer and the material handling and shipping
departments plays a valuable role in optimizing the overall process and should not be ignored.
Gehring ef al. (1990) designed a computer-based heuristic to pack rectangular boxes of
different size in a shipping container of known dimensions. The objective 1s to determine
positions for placing the boxes in the container so as to minimize the waste space which Is
sometimes inevitable. For this problem which can be considered a 3D cutting stock problem,
various sub optimal solutions are generated using the proposed computer-based heuristic. The
proposed solution procedure is based on sorting the boxes in a linear list with decreasing
volume of the elements from the beginning to the end of the list. The idea behind starting
packing with high volume boxes is that it tends to result in good container volume utilization.
Regarding the manner by which the boxes are stacked in the container, the boxes are stacked in
vertical layers and no box is permitted to straddle neighboring layers. The solution to the
heuristic enables the user to generate different loading patterns for a given problem. The user

may then select the most appropnate pattern.
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Abdou and Lee (1991) introduced the 3D palletization problem and highlighted some ideas
about how to solve such problem. They proposed to use the layer by layer loading approach
and that once a box height is loaded onto a new pallet layer, this layer must maintain this height
for the rest of the process. The way to achieve that was to restrict the particular layer to boxes
of the considered height. This procedure may be efficient if all boxes are present and known.
However, if boxes randomly arrive at the pallet loading station, this may lead to a very high
number of boxes in the WIP which will automatically increase the palletization time. Based on
Loschau's stability criterion model (1989), Abdou and Lee discussed some box selection rules
for the loading of the pallets but did not pursue the application of the rules to actual problems.
Hence no results are reported.

Dowsland (1991) examined some of the solution approaches and strategies which could
be used mn the development/improvement of heuristics that provide packings which are
volumetric (3D) efficient. He discussed five strategies that might be adopted in the search for
improvements of an already existing heuristic that is successfully developed, implemented, and
tested rather than building a new heuristic from scratch. He emphasized the importance of an
interactive approach to algorithm improvement which incorporates a two way dialogue
between the algonthm developer and the end user while allowing both to make full use of the
ideas of other researches in this area and the considerable number-crunching power available
on today's technology.

Following Abdou and Lee's work (1991), Abdou and Yang (1995) tackled the problem
with the same layer by layer approach. However, while restricting the considered layer to a

specific box height, Abdou and Yang proposed to define blocks consisting of at least one box
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such that the block height is equal to the height of the layer being filled. They proposed two
models to solve the problem. Both are characterized by the fact that boxes with similar heights
are grouped together. The first model is as much mathematical as heuristic and is characterized
by the pre-knowledge of the availability and quantity of each type of boxes. Furthermore,
because the model is mathematically oriented, it was able to determine all possible layer
combinations and pallet patterns and finally choose the ppattern with best pallet utilization and
relative loading stability according to the results obtained from a finite element software that
simulated stresses, friction forces, and external forces to the different pallet loads. The second
heunstic model added random arrival of boxes into the system. However load stability was not
considered in the second model because utilization was the objective of the proposed model.
Arghavani and Abdou (1996) have developed optimization procedures to solve the
problem with random arrival of boxes using the stacked column method to build the pallet. As
in the case of the Abdou and Yang's second heuristic model (1994), Arghavani and Abdou did
not consider any loading stability in his model. His heuristic is a base ILP model. The optimal
layout on the pallet (2D cutting stock) with respect to the boxes base area is first determined
usitng LINDO. Then each optimal layout on the pallet is stacked up providing layers with
different heights in each column stack. It seemed that Arghavani and Abdou followed
Dowsland's advice (1991) regarding improving already existing research work and using tools
found in the literature rather than building from scratch. In fact, Arghavani and Abdou were
successful enough to understand and modify Yang's C program to solve for stacked instead of
layered palletization. Again, the concept of building blocks is used and then each block s

treated as a box and loaded as a whole. Though the mode!l was restricted to loading boxes or
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blocks on a new column stack only after the previous stack is finished, its results showed better
volumetric utilization of the pallet and more efficient palletization time when compared to those
of Abdou and Yang's layered palletization (1994) using the same box types and same random
sequences. However, the load stacking stability is generally much lower than that of layered
palletization.

G. Abdou and J. Arghavani (1997) developed interactive ILP procedures for stacking
optimization for the 3D palletization problem. The model deals with different complexity levels
of the 3D stacking palletization, (1.e. the pallet volume is optimized using different stacking
columns of rectangular and/or square boxes of multiple dimensions). The interactive ILP
procedures considered the exact location of the boxes to be stacked on the pallet and
incorporated two successive models with different objectives; the first one is the optimization
of the base area of the pallet, and the second is the optimization of each stacking height for the
different sub-areas generated from the first model. The resulting optimum solution is only of
the column stacking type.

Abdou and El-Masry (1997) developed two heuristics to solve the 3D random
stacking palletization problem. The heuristics maximize the volumetric pallet utilization,
while minimizing the work-in-process as well as the robotic palletization time. They also
established new performance indices: Total Number of SubVolume, Partitioned Remaining
Volume Load Capacity and Total Zero Count. The results from this heuristic will be used

in the study, and above defined variables will be accounted for in the data analysis.



1.2.2 Data Analysis

Data, and the innate curiosity of humans, generate a need to understand the data. An
understanding of the data and, it is hoped, as understanding of the situation that generated
the data are developed through analysis. An understanding of the real world is the ultimate
purpose of a data analysis.

A data analysis always begins with data. The data ‘may already be collected or they
may be only conceptual. If they have not been collected, the data analyst may be able to
influence how they are collected and recorded. A plan for collecting and recording data
should not be confused with experimental design.

Regression techniques seek to establish a relationship between a response variable
and one or more explanatory (or predictor) variables x;, xa,..... The approach is widely
used and is useful. The simplest case with one predictor variable, say x, where the data
indicates a linear relationship. The conditional distribution of the response variable, y, a
random variable, for a given fixed value of x has a mean value The regression curve is
the line joining these conditional expectations and is here assumed to be of the form

y=a+bx

A linear model may be inappropnate for external reasons or because the eye detects
non-linearity. One possibility is to transform one or both vanables so that the transformed
relationship is linear. The alternative is to fit a non-linear curve directly.

Data analysis has vast applications, from the field of physical sciences to social
sciences. Data analysis is used in medicine to ascertain the effect of a certain drug. In the

field of biology it could be used to determine the average lifetime of a virus. Or in the field
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of nuclear physics to find out the magnetic properties of a subatomic particle. Some
examples of application of data analysis are given below.

Kadas (1995) describes Health Care Data Analysis Systems (HCDAS) available to
measure the resource utilization of almost any defined population. HCDAS are decision
support applications designed for the easy and efficient comparison, analysis, and
presentation of health care information. In an article titled “ Cube utilization with racks:
Analyzing the data” in the journal called Material Handling Engineering (1995), the
anonymous author use data analysis of storage system requirements to develop best
storage configuration. Bures, Henderson, (1995) and others used data analysis to find the
effects of spousal support and gender on worker’s stress and job satisfaction. They
analyzed data collected in a cross national investigation of dual career couples.

A important aspect of data analysis is its presentation and visualization. Visualization
tools are becoming more and more popular and also necessary. Studt, Tim (1995) reporting a
survey by R&D Magazine says that data acquisition and analysis applications have become the
largest use of visualization tools, easily exceeding that of other applications such as CAD,
mechanical modeling, image analysis, and mathematical functions. Almost half the survey
respondents use visualization tools for data acquisition and analysis functions. In analytical
instrumentation, automotive, computer, test and measurement, and medical industries alone,

80 % of the researchers indicated the use of visualization tools for their data analysis work.
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1.3 Limitations of Palletization Algorithms in the Literature

All the above studies have approached the 3D packing problem, especially the pallet loading

problem through various objectives and constraints and obtained interesting results. However,

they still have not covered all aspects of the problem. And with the rapidly changing demands

of the manufacturing, production and other industries that need palletization, researchers must

continue finding solutions to such demands and problems. The lacunae revealed as result of the

literature review are as follows:

(S

Most of the studies tried to solve the 3D problem through 2D approaches.

The pallet loading process was restricted to either layer by layer or stacking columns.

In layered type models, upper layers can not be loaded with boxes unless the lower layer is
completely filled.

Similarly, models using the stacking columns approach considered sequential build-up.
That 1s no simultaneous column stack built-up was considered.

Most have considered the pallet volumetric utilization as the only objective of their models.

Very few have given attention to the loading stability issue.

None have designed for boxes with dimensions of non integral proportions.

There 1s no extensive study of the established performance measures and indices.

No empirical or analytical relationship has been developed between the various palletization

parameters.
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1.4 Research Objective
Previous research in this field has ignored the relationships between the various
palletization variables . These relationships can be useful in developing production rules,
which would help in improving the heuristics and also facilitate the real life implementatiori
in the field of robotic palletization.

Hence, the main objective is to optimize the Palletization process by increasing
Volumetric palletization utilization, and also to examine the values of Work in process and
Robotic palletization time. For this purpose, the empirical (mathematical) relationships
between these parameters and the other indirect parameters, mentioned in the literature
review and explained in the following chapters, are to be determined using appropriate

Data Analysis Techniques.

Procedures
In pursuit of the above objective the following general steps will be followed:
1. Collection and tabulation of data from the algonthm developed by Abdou and El-

Masry (1997).

o

Application of an appropriate technique or techniques of data analysis.
3. Development of relationships between the direct and indirect variables.
4. Development of production rules for established significant relationships, such as the

Estimation of VPU based on the established relationships of the variables.



CHAPTER 2

PERFORMANCE CRITERIA

It is of great importance to develop a set of criteria meeting the requirements of the practical
situation of the palletization problem and measure the efficiency of the palletization task.
Traditionally, the pallet loading problem was tackled by attempting to maximize the number of
boxes that can be fitted on the pallet or in other words, pallet volumetric utilization was the
one criterion to which attention was given. There are other practical considerations mn the
geometric composition of pallet loads and in the palletization task in general. Among such
considerations are the maintaining of integrity of the load during transport that is the pallet load
stability, load clampability, approval of different aspects as loading and unloading times, and

WIP (Work-In-Process).

2.1 Velumetric Pallet Utilization, VPU
When talking about pallet volume, what is meant 1s the product of the pallet's base area with
the maximum stacking height allowed for the pallet. Volumetric Pallet Utilization, VPU is the
percentage of the total pallet volume that is actually filled with boxes. Initially, the VPU is 0%
and as boxes are loaded on the pallet, the VPU increases and can reach 100% in optimal

conditions. The volumetric pallet utilization can be generally expressed as in equation 2.1.1.
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! x 100 (21D

VPU (%) =

where, N = the number of boxes on the pallet
Ii, wi, hy= the dimensions of box 1

L, W, H, = the dimensions of the paliet

2.2 Work-in-Process, WIP
Work-in-process 1s defined as the temporary storage space to which boxes are taken in
between pallet loading operations. The need for such space is clearly understood when some of
the boxes arriving at the end of the conveyor line, are required by the palletization algonithm to
lay aside for a while until the time is right for them to be loaded onto the pallet. This adds some
flexibility to the decision making process of the algorithm to improve the quality of the
palletization with respect to performance criteria. In some situations, these criteria may be the
volumetnc pallet utilization and/or load stability. It is clear that all decisions of this type are
executed on-line during the actual palletization process. While the use of the WIP may help
achieving better volumetric pallet utilization and pallet load stability, it is definitely a burden on
the palletization time since 1t will require more number of pick-and-place operations by the

robot arm. Palletization time 1s discussed in more detatl in the next section.
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Block

Box Type Demand

Boxes in the System

Box QOrientation

Column Stacking

Guillotine Cut
Heuristic

Individual Box Type
Sub Volume Load
Capacity, ISVLC:

Layer Palletization

Mathematical Model

Maximum Capacity
of Box Type, MCBT:

Negative Flexibility

New Pattern

GLOSSARY

A combination of several boxes forming a larger three
dimensional rectangular.

The number of boxes of that type that are required to go on
the pallet.

All the boxes that can be found on the conveyor, in the
WIP, and on the pallet.

It is the way the length and width of the box are directed
with respect to the length and width of the pallet.

A pallet loading technique by which boxes are loaded
column by column.

Separation between two box surface adjacent to each other.
Different criteria, methods, or principles for deciding which
among several alternative courses of action promises to be
the most effective in order to achieve some goal.

The maximum integer number of that box type that the sub
volume can accommodate.

A pallet loading technique by which boxes are loaded layer
by layer.

Approximate representation of a concept, an object, a
system, or a process in mathematical terms.

The sum of all the ISVLCs that relate to the particular box
type.

The proportion of the TZC of a particular box type to the
maximum TZC.

The overall configuration of the empty volume after the box
is loaded onto one sub volume on the pallet. Sub volume
combining is considered to produce new patterns.
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New Sub Volume

Old Pattern

Old Sub Volume
Pallet Stability
Partitioned Remaining

Volume Load Capacity,
PRVLC:

Pick up Place

Positive Flexibility

Prionity Level

Random Stacking

Sub Pattern

Sub Volume

Surface Leveling

System
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A sub volume that still exists or is newly created right after
the box is loaded onto the pallet.

The way the empty volume is partitioned before the box is
loaded onto the pallet.

A sub volume that existed right before the box was loaded
onto the pallet.

State of the pallet in which the load is supported.

The sum of all the MCBTs that relate to the particular
pattern.

The location at the end of the conveyor from which the
robot picks up the boxes.

The flexibility of a partitioned pattern to accommodate a
particular box type.

A comparison stage where boxes, sub patterns, partitioning
patterns are compared.

Pallet loading technique by which boxes can be loaded
anywhere on the pallet upon decision making.

One of the two ways that the empty volume 1s partitioned
into sub volumes after a box is loaded onto the pallet. It is
related to the two possible box orientation in its sub
volume.

Rectangularly shaped three dimensional empty space found
anywhere at any given time on a pallet.

Loading boxes on adjacent columns so that they have a
common height.

The palletization environment composed of the conveyor,
the WIP, and the pallet.



Total Number of
Sub Volumes, TNSV

Work-In-Process

Z-Axis of a Box

Zero Count
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The number of old sub volumes. (Before the box is loaded
onto the pallet).

The holding area in which boxes that are not immediately
loaded onto the pallet are temporarily stored.
The vertical axis of a box.

A computed parameter:by which ties of patterns are broken.



