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ABSTRACT

HEURISTICS
FOR
GENERAL 3D PALLETIZATION PROBLEMS

Mourad El-Masry

Interlocked stacking is a new procedure by which boxes of various dimensions are loaded
on pallets. The focus of this work is on developing heuristics to solve general
palletization problems. Two heuristic models were developed in this thesis. The first
model is designed to comply with the palletization prcblem where boxes of difterent
dimensions arrive to the pallet loading area in random order. The objectives of the
heuristic are maximizing the volumetric pallet utilization (VPL)), minimizing the work-in-
process (WIP) as well as the robotic palletization time (RPT). New performance indices
are established; Total Number of Sub Volumes, TNSV, Partitioned Remaining Volume
Load Capacity, PRVLC, and Total Zero Count, TZC. Modifications were made on the
first heuristic to develop a second heuristic thai incorporates pallet load stability and box
demand requirements. The two heuristics were applied using Turbo C++ programs to
simulate the palletization process. Three simulations were conducted to test cach of the
heuristics. The results of the simulations were compared with those found in the
literature. Interlocked stacking is also compared with the two conventional pallet loading

techniques; layered and column stacked palletization used in previous studics.

Kev Words: Palletization, Heuristics, Pallet Loading.
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CHAPTIER 1.0 INTRODUCTION

Palletization is the final process in which items are either manually loaded on a pallet or
through using material handling equipment. These items can vary in shape and size.
They can be of rectangular shape such as boxes, corrugated board containers carrying any
type of goods, and they can be iregularly shaped packages or products. In this research,
only rectangularly shaped packages (referred to as boxes) are dealt with. The use of
pallets to handle large quantities of properly stacked boxes has been recognized as one
of the most important ideas in material handling (C. S. Chen er of., 1991). Pallets are
specially used for shipping purposes in trucks. railcars, and air crafls, and for storing
purposes in warehcuses and distribution centres. Traditionally, palletization was performed
manually. That is a worker would lift the boxes one by one and put them somewhere on
the pallet according to his or her judgement. When identical boxes were to be loaded on
the pallet, the only inconvenience was the physical tiredness of the worker. In situations
where boxes with different sizes are to be loaded on the sume pallet. some concerns are
given more emphasis: how will the worker decide which box and where to load the box
so as the space of the pallet is well used? Is the total palletization time in an acceptable
range? How to guarantee a stable final pallet configuration? Through practice, the human
worker can master the process but as the number of box types incrcases or simply as
shipment orders change, the palletization process performed manually becomes very
confusing and its efficiency decreases. As technology advanced and industrial automation
was introduced to the palletization activity, many industrics have adopted a fixed

automation type of palletizer: the pallet size and box dimensions are fixed leading to a



fixed pallet pattern.  That is the simplest and fastest form of automated palletization. It
is well suited for inass production industries. The main disadvantage of fixed automation
such as palletizers is its inflexibility to serve the process if modified. When the box sizes
are variable, a flexible system possibly involving a robot is needed. Three-Dimensional
(3D) palletization can define the situation where the boxes may have different lengths,
widths, as well as heights. In such circumstances, robotic palletization is well suited for
the task and is characterized by a medium speed of pallet loading and a high flexibility
with respect to box types. Palletization robots are usually computer controlled by
sequence programs. Normally, pattern identification systems such as cameras, laser
beams, or bar coding systems, are required. As an important part of the manufacturing
process and material handling, robotic palletization is attracting more and more interest
from both industries and research institutions. Palletization algorithms are developed to
satisfy the different industrial needs to use robots to perform the palletization task.
There are at least two major problems that can be identified as "pallet loading problems."
The first problem could be called "The manufacturer's pallet loading probiem" (Hodgson,
82). In this problem, the manufacturer produces a quantity of the same ;sroduct which
is packaged in identical boxes: the boxes may be packed in identical cartons; and the
cartons arc packed on identical pallets for shipping to buyers and distribution centres.
The concem is to choose the package, carton, and pallet dimensions so that the volume
of product packed on a pallet is maximized. To find a solution for most manufacturer’s
pallet loading problems, a one-time analysis is required. Such solution is called an off-line
solution since it need not be changed during its application. Fixed automation palletizers
are most suitable to implement the solution.

2



The second and more complex pallet loading problem, which is the focus of this research,
could be called "The distributor’s pallet loading problem" (Hodgson 82). 1n this problem,
a customer may order a shipment of products packaged in boxes of varying dimensions.
There may be some customer demands and/or conditions regarding the order. Such
customer requests must be considered at the time of application of the palletization
algorithm. That is input data from the user to the algorithm are needed to guide the
solution of the problem so as to mest customer requirements. Some user interface query

may consist of answers to questions regarding the foilowing;

+ Box dimensions

+ Type of product inside each box to determine the possibility of box rotation

+ Stackability of the boxes to avoid any risk of product damage. In stacking boxes,
it must be ensured that boxes in lower locations on the pallet are capable of
withstanding the load due to boxes above them. This is termed 'stackability' and
requires knowledge of the box weights and box characteristics.

+ Sequence of box arrival to the pallet loading workcell

+ Loading/Unloading priorities

+ Overall pallet weight restrictions

When developing the pailetization algorithm, it is very important to consider the above
mentioned issues. This will help in modelling and fully describing the problem and at the

same time not restricting it to limited applications. There are some common palletization



objectives that generally need to be considered. Not only are they the concem of the
clients but also are performance measures by which the overall effectiveness of the

palletization models is evaluated. Some of these objectives that need to be fulfilled are:

maximization of ihe pallet volume utilization

reduction in the pallet loading and unloading times

facility in the loading and unloading processes

loading and unloading priorities with respect to customer's demand
maximization of the loading stability of the boxes on the pallet

reduction in the space used for intermediate pallet loading/unloading steps

As palletization models have objectives like those mentioned above, there are also some
practical constraints that need to be considered when modelling the palletization system.
These practical constraints are as much reiated to the user interface query list as they are

related to the objective functions. Examples of such constraints are the following:

pallet constraints

newly created empty space (sub-volume) constraints
box availability constraints

box rotation constraints

stability constraints

work-in-process constraints



For the manufacturer’s problem. present technology suppotts the loading of pallets using
automated material handling systems. However. the distributor's problern, by its non
repetitive nature, is more difficult. In order to automate the physical loading of” a
distributor's pallet, real-time algorithms are needed. The different variations of the
distributor's problem give rise to different approaches to tackle the problem. Researchers
have attempted to solve the distributor's problem through two main approaches:

mathematical models and heuristic models.

The mathematical model is an approximate representation of a concept, an object, a
system, or a process in mathematical terms (Wan 89). The model behaves, in some sense,
like what it represents. The representation in the model is symbolic, in mathematical
terms including variables, parameters, and relationships such as equalities and inequalities.
Through mathematical tools, the model is formulated, studied, and solutions are
developed. The mathematical results obtained from the analysis are then interpreted in an
understandable form (Jacoby et @/ 80). Because mathematical models are closely
associated with analytical and mathematical approaches, they are constrained to abide with
the rules of these approaches. This sometimes limits the use of mathematical models and
prevents their utilization to serve some industrial needs. When dealing with the pallet
loading problem. the mathematical approach is well suitable in situations where the
dimensions of the pallet and of all box types are known and pre-specified, the availability
of boxes of all types is certain. Under this category, falls the manufacturer's pallet

loading problem as well as some of the many situations of the distributor’s problem found



in warchousing such as optimizing space utilization for order picking. Linear

Programming (LP) is a common tool used to model and solve such problems.

As for heuristics, they are solution procedures that use 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 (Pearl 84). However, this does prevent
mathematics from playing their role in describing and building the models. Heuristics
represent compromises between two requirements: the need to make such criteria simple
and, at the same time, the desire to see them discern correctly between good and bad
choices. It is the nature of good heuristics both that they provide a simple means of
indicating which course of action is preferred, and that they are not necessarily guaranteed
to identify the most effective course of action, but do so sufficiently often. Most complex
problems require the evaluation of ari immense number of possibilities to determine an
exact solution. The time required to find an exact solution is often extremely enormous.
Heuristics play an effective role in such problems by indicating a way to reduce the
number of evaluations and to obtan near-optimum solutions within reasonable time
constraints. With regard to using the heuristic approach to solve pallet loading problems,
heuristics can find solutions to problems where little information is given or when
variables are time dependent. For instance, when the availability of different box sizes
is unknown and the boxes are coming on a conveyor line in a random order, they need
to be loaded on a pallet in the most optimal way. In order to solve for such a solution,
there is a need for on-line decision making. In other words, heuristics are powerful in

making decisions for the future based on the past and the present.
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As part of algorithm development, the way boxes are loaded on pallets plays a very
important role in satisfying the different palletization objectives. There are three
techniques by which boxes can be loaded on a pallet: the layer by laver method which
produces a layered pallet load, the column stacking method which results in a column
stacked pallet load, and thirdly, the interlocked stacking pallet load method. The layered
pallet load is a pattemn in which boxes are loaded a level (layer) at a time, cach level
made up of a particular box height (figure 1.1). This way there is a box seicction process
for each level and the loading algorithm is applied for each level. This process can be
continued until the desired pallet height is achieved. The layering process can be viewed
as a two (2) directiondl pallet loading technique since boxes are loaded adjacent to cach

other in the two directions along the horizontal axes.

Figure 1.1: Layered Pallet Load

Column stacking which is the second loading approach loads the pallet with columns of
boxes, each column is composed of a set of boxes stacked vertically and the column
stacks are no higher than the maximum allowable pallet height (figure 1.2). Since column

stacking builds the pallet loads only in the direction along the vertical axis, it is



considered as a one (1) directional pallet loading technique. However, the selection of

columns to load on the pallet is two (2) directional along the horizontal axes.

Figure 1.2: Column Stacked Pallet Load

The third style of pallet loading which is the interlocked stacking allows any box of any
size to be loaded anywhere on the pallet - adjacent to or on top of other boxes, there is
no particular box pattern on the pallet - (figure 1.3). Interlocked stacking is therefore a
three (3) directional pallet loading technique because it builds the pallet load along the
direction of the three cartesian axes. This last approach which will be used in this
research, can better achieve the inter-locking of the boxes on the pallet since they are not
restricted to layers or stacks. Thus by breaking the guillotine cuts among boxes, the

pallet loading stability is increased.
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Figure 1.3: Intelocking Stacked Pallet Load

8



1.1 Litermture Review

Interest in palletization research goes back to as early as the end of the 60's. Until that
time, as simple as the palletization probiem 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 they were mainly interested in maximizing the area covered
by boxes on the pallet, the current trend is to focus on three-dimensional problems that
are concerned with the volurne of the pallet rather than its area coverage.

The present industrial needs demand such high standards due to the larger number of
complexities related to three-dimensional palletization problem, that this rescarch study
focuses only on 3D problems as opposed to palictizationn problems with lower dimensions
dealt with in the past. 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.

Looking at the existing three dimensional palletization problems that were tackled in the
literature, one can identify two distinct directions. One direction is to develop
mathematical models to find solutions that can achieve maximum pallet volumetric
utilization. The second direction is to develop heuristic model and solving for a problem
that is more practical and more related to actual industrial nceds especially when
considering the random sequence of arrival of boxes to the system, or trying to satisfy
different performance measures which so far were never addressed through mathematical

models.



The main idea that inspired the development of the mathematical models is the following
problem definition: given a list or order of products individually packaged in a variety of
quantities, sizes, and weights, it is required to pack these packages on the minimum

number of pallets of given uniform size.

As a leader in the area of palletization research, Hodgson's contribution (1982) was

introducing two ways that boxes can be loaded on pallets. One way is to pack boxes a
layer at a time, cach layer being made up of boxes of common height. This way there is
a box selection process for each layer and as one layer is completed, another one having
a different height starts. This process is continued until the desired pallet height is
reached. This is basically what was previously defined as the layered approach and was
the most common approach used in palletization. Hodgson's second approach uses the
stacking approach; that is, make up column stacks of boxes such that the stacks are no
higher than the maximum allowable pallet height. Then the stacks can be used as input
to a less complicated loading algorithm which is applied only once to optimize the base

of the pallet.

Based on the Hodgson's first approach that is the layer-by-layer pallet loading, Yang
(1993) developed an Integer Linecar Programming (ILP) model to solve the palletization

problem characterized by boxes of different base dimensions and different categories of

10



heights. The problem solved has the following propertics: the volumetric pallet
dimensions as well as those of the boxes types and their quantity demand restriction are
pre-defined. The objective of Yang's algorithm is to achieve maximum volumetric pailet
utilization. The model uses a combinatorial approach to tind solutions to the problem.
Only the solutions with highest pallet utilization are candidates for optimality. At times
when there are several possible layouts by which the boxes could be loaded on the pallet,
a second step to Yang's solution is to consider the loading stability of the different layouts

and choose the best Iayout with highest loading stability.

Arghavani (1993) developed a mathematical model to solve the 3D pallet utilization
problem also through ILP and is considered the first to actually use the column stacking
technique introduced by Hodgson in pallet loading. Arghavani's model can be seen as the
implementation of Hodgson's second approach however in reverse order. That is to first
develop a ILP procedure to 2D surface partitioning (2D cutting stock problem), resulting
in some optimal subareas (small partitioned areas) on the pallet, then another ILP problem
is formulated to determ’ne the pallet optimum multi-layer stacking heights for cach
optimal subarea and thus, the stacking height can be achieved in all the columns. The
results of the model consist of some optimal decision variables that determine the types
and quantities of boxes whose combination can provide a maximum pallet utilization.
Load stability was completely left out in Arghavani's model though it should have been
considered to improve the column stacks stability since it is usually much less than that

of layered loads.
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Tsai et a. (1993) addressed the same pallet utilization problem and developed a 3D
algorithm using a mixed 0-1 Integer Programming (IP) model which generates an exact
optimal solution. As is the case of Yang and Arghavani, the solution of the mixed 0-1
model explicitly defines the desired number of boxes of each size but went further to
define the X, y, z coordinates of each box's placement on the pallet. In terms of loading
methodology of the boxes on the pallet, no specific method was reported and again, the
model does not address the issue of loading stability. Though, the formulated mixed 0-1
model provides exact solutions to the pallet packing problem. However, the model
requires extremely long computation times to reach the optimal solutions and the
computation time tend to increase significantly as the number of boxes and box types
increase. And quoting the authors' view of the model's practicality, "The computational
time requirements of the developed model prevent its use in real-time palletization

applications" (Tsai ef al., 1993).

Mathematical models may find solutions to a variety of problems and those solutions may
well be successtuily implemented. However, in some other cases, these methods are found
impractical. As an example of very efficient models mathematically but not efficient if
implemented, one might think of a mathematical model with objective function achieving
100% volumetric pallet utilization. Though, the objective function may be maximized, but
it is found that if physically applied to the actual problem, there will be a need for an
unrealistic box holding area or that the palletization time is increased to unacceptable
values. Moreover, loading priority, loading stability, and randomization in box sequence,

among other costumer needs and performance measures, are some of the issues current
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mathematical models are unable (0 satisty. As noticed in the mathematical models in the

literature, most of them do not report the practical applicability of the methods
considered.

LL2 L Heuristi

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 the problem. 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 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 uppermost.
In other cases certain goods are not allowed to be stacked in proximity of other goods and
sometimes packages may contain fragile contents. Moreover, pallet fragility and material
handling asp=cts 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 conflicting - objectives and constraints of

which some may be very difficult to define in precise terms.
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Han et al. (1989) proposed a heuristic to load packaged goods into vehicles or cargo
containers. A dynamic programming approach was used to solve the 3D cargo-loading
problem. A heuristic was designed to solve for different problems but the restriction in
the algorithm is that the packages must be fixed 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 axes of the boxes.

Haessler e 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 products are shipped from inventory in corrugated containers of
various sizes depending on the product package sizes and customer requirements. The
vehicles used also vary in size depending upon need and availability. In most cases,
product volume and material handling considerations limit the amount of product loaded
in vehicles before weight restrictions are met. Consequently, the heuristic is designed so
as to accommodate low density products. The loading heuristic develops an actual load
plan that specifies what and how boxes should be loaded in the 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 vehicle, and keep each product in
the same 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 the material handling were to be executed

by mechanical equipment or robots. It is worth mentioning that since the customer could
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order any mix of products, it is very difficult to know at order entry time it any order will
completely utilize the cubic volume of the shipment vehicle. Therefore, an extra input to
the heuristic is information regarding how the order can be adjusted up and down if
needed. Thus 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 et d. (1990) designed a computer-based heuristic to pack rectangular boxes of
different sizes in a shipping container of known dimensions. The problem is to determine
positions for placing the boxes in the container so as to minimize the wasted 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 such that the
boxes are entered in a linear list with decreasing volume of the clements 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 neighbouring layers. The solution given by the heuristic
enables the user to generate different loading pattemns for a given problem. The user may

then select the most appropriace pattern.
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Lee (1990) briefly introduced the 3D palletization problem. He highlighted some ideas

about how to solve such problem. Lee proposed to use the layer by layer loading
approach and that once a box is loaded onto a new pallet layer, this layer must maintain
the height of that box 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), Lee discussed some box selection rules for the loading of the pallets but did not

pursue on applying the rules to actual problems. Hence no results are reported.

Dowsland (1991) examined some of the solution approaches and strategies which may be
relied on in the development/improvement of heuristics that provide packing which is
volumetrically (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 algorithm developer and the end user while allowing
both to make full use of the ideas of other researches in the area and the considerable

number-crunching power available on today's technology.

16



Following Lee's work (1990), Yang (1993) tackled the problem with the same layer by
layer approach. However, while restricting the considered layer to a specitic box height,
Yang proposed to define blocks consisting of at least one box such that the block height
is equal to height of the layer being filled. Yang 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 mode! is mathematically oriented, it was abie to determine all possible layer
combinations and pallet patterns and finally choosing the pattern with the best pallet
utilization and relative loading stability according to the resuits obtained from a finite
element software that simulated stresses, friction forces, and external forces to the
different pallet loads. The second heuristic model added the random arrival of the boxes
into the system. However load stability was not considered because utilization was the

objective of the proposed model.

Arghavam (1993) found that most palletization problems found in the literature loaded
pallets layer by layer. Therefore, he proposed to solve the problem vith random arrival
of boxes using the stacked column method to build the pallet. As in the case of the
Yang's second heuristic model (1993), Arghavani did not consider any loading stability
in his model. The optimal layout on the pallet (2D cutting stock) with respect to the
boxes base area is first determined using LINDO. Then each optimal layout on the pallet

is stacked up providing layers with different heights in cach column stack. It seemed that
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Arghavani 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, though it is difficult when it comes to modifying computer programs, Arghavani
was successful in using Yang's C program to solve for stacked instead of layered
palletization. Again, the concept of building blocks is used and then each block is treated
as a box and loaded as a whole. Though the model was restricted to loading boxes or
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 th.ose of Yang's layered palletization (1993) using the same box types and
same random sequences. However, the load stacking stability is generally much lower

than that of layered palletization.

L3 Li [ oading P Stabili

Very few studies have researched the loading stability of boxes. This may be caused by
the difficulty to measure the stability of a load configuration. However, indicators of
instability can be identified. It must be mentioned that the stability of a load depends on
the characteristics of the individual boxes, in addition to the geometric composition of the
pallet load. Most research primarily addresses the geometric composition issue only.
There are two streams of research that studied the issue of pallet load stability as there
were two styles by which boxes ave loaded on pallets, namely layer and stack

palletization. Furthermore, some researchers have focused on the static stability of pallet
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loads while others have studied the dynamic stability of pallet loads when the loads are

in motion.

Carpenter et al. (1985) focused on the static stability of layered pallet loads. They identity
some measures of load instability. One measure, which could be termed 'stack interlock’
or 'supportive criterion' , suggests that boxes in layers other than that the lowest layer
must be in contact with at least two boxes in the layer below; a lower limit of percentage
contact area for each box is also specified. This measure, if satistied, prevents the
formation of columns that would tend to separate from the rest of the load during
transportation. The second measure, which could be called 'support or base contact
criterion, sets a lower limit on the percentage area of a box in contact with boxes in the
layer immediately below it. This measure, if satisfied, will help eliminate the situation
where a box is not supported over most of its base. This would result in its failing to
meet the stationary stability requirement and might also lead to potential box-crushing
problems. In addition, considering one layer of a unit load, a straight line formed by box
edges, other than on the periphery of the load, may result in a portion of the layer tcnding
to separate during transportation. In their third measure, Carpent.: et al. (1985) consider
the problems associated with guillotine or near-guillotine sections cutting the pallet stack
in vertical direction and propose that an upper limit be placed on the lengths of such
straight edges as percentage of the length or width of the pallet. This measure could be
called 'layer interlock' or 'non-guillotine criterion'. Carpenter and Dowsland emphasize that
the degree of importance placed on each of the three criteria will depend on individual

or application requirements.
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The second direction in which research has studied pallet load stability is that of column
stacks. Loschau (1989) investigated this issue through developing different methods that
produced different dynamic stability indices. He defined a "rigid block" any box that is
loaded on the base of the pallet. In the case where a box is loaded on top of other boxes,
he modeled it as a "flexible bar" model since these type of boxes vibrate during
transportation. The stability criterion for the rigid block model is the critical inclination
angle which denotes the minimum angle of a box that causes it to slide off the pallet due
to vibration during transportation. As for the flexible bar model, the stability criterion is
the deviation from the centre of gravity. As the deviation from the centre of gravity

decreases, so does the possibility of a box toppling off the stack.

Hanna (1993) using finite elements tested the static stability of several layouts of boxes.
He considered stability as an index which measures the ability of the boxes to maintain
their position when static forces are applied on them. This ability of a box maintaining
its position is determined by how big is the minimum force needed to make the box
unstable. Hanna defines two situations which are considered unstable for a box: sliding
and toppling. In the finite elements simulation, Hanna defined the stability factor as the
minimum force needed to either topple or slide a box and studied the factors that make
a box topple and those that make it slide.

Concemning what makes a box slide, it is the external force that counteracts the friction
force generated at the interface of the box and the surface underneath. The surface

underneath could possibly be that of the pallet or some other boxes. The friction force is
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a function of the friction coefficient of the intertace and the mass of the box itself or the
total mass composed of the mass of the box and all the masses on top of the box.
Therefore, the heavier the box load, (the weight of the box + the weight of the boxes on
top of it), the larger the friction force, and the larger the force needed to make the box
slide. This reflects on the greater sliding stability that the box will have.

In his study to identify the factors that influence the box' stability against toppling, Hanna
observed that the only box properties that affect its stability are its density, width, and
length. It is surprising to {ind that the height of the box does not contribute to the box
stability, (assuming a uniform box density) as it might have been expected. ‘The reason
is that: on one hand, as the height of the box increases, the centre of gravity of the box
moves upward. Thus the stability of the box is reduced. On the other hand, the increase
in box height leads to an increase in box volume, resulting in a heavier box and a greater
stability. When the two phenomena are combined together, their opposite effects cancel
one another so that the influence of the box height on its stability is eliminated. 1t is
important to keep in mind that this finding is valid only for not too large h/w ratios.
Among the most interesting layouts considered by Hanna was the case of a stack
composed of two layers. The first layout consists of two small boxes on top of a large
box. The second layout consists of one large box on top of two small boxes. The layouts
were tested against different forces exerted on the top comer of the boxes to simulate the
worst case for toppling. The layout with the smallest displacement would be the one with
better stacking stability. The results of the simulation showed that the layout with the two

small boxes on top of a large box displayed a larger displacement, and thus is the worst
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case of the two. Generally, if the differences among box dimensions are not too extreme,
the smaller the number of boxes a layer has, the higher the stability will be. Thus, putting
the stack layer with higher stability on top of the one with lower stability will achieve
better stability for the overall stack.

Amiouny (1993) studied the dynamic stability of stacked pallet loads subject to
acceleration whenever the transporting device (such as a forklift) changes speed or goes
through a curve. Accordingly, he defines the stability of a column of boxes as the
maximum acceleration that it can withstand without "failing". As Hanna (1993),
Amiouny also defines the two ways in which a column of boxes can fail: by slipping of
the boxes on their surfaces of contact or by tipping (toppling in Hanna's case) of the
boxes on their ridges. Amiouny proposed a simple heuristic rule for stacking boxes of
equal width - the base dimension in the direction of motion - in a column: sort the boxes
in non-increasing order of their mass to height ratio, and stack them from the bottom up.
This heuristic is referred to as Sort By Density. On average, Sort By Density outperforms
the standard method of placing the heavier boxes on the bottom.

In another analysis for two boxes with equal mass to height ratios but different widths,
Amiouny showed that the more stable configuration is the one in which the box with the
larger width is at the bottom. This reveals that the width and the mass to height ratio are

significant parameters in the dynamic stability of column stacks.
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L4 Limitations of Palletization Aleorithis i the Li

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 stiil have not covered all aspects of the problem. And with the
rapidly changing demands of the manufacturing, production and other industrics 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:

+ 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 modcls, 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 is 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 that are non integral multiples

of one another.

23



1.2 Objectives of the Research

The palletization problem is a research problem too wide to be solved through a general
purpose algorithm because it involves many different situations from customer needs and
requirements to physical constraints. Research is usually conducted to solve a sub
palletization problem or in other words a constrained palletization problem. As the
literature review reveals, the previous studies and researches have focused on
deterministic mathematical models dealing with the 3D problem with pre-determined box
quantity and availability. Furthermore very few have considered the pallet loading
stability, and again it was not given enough attention though it is one of the most
important performance criteria to affect the quality of the palletization process. Moreover,
most of the previous work has either used the layered-pallet loading approach or the
stacked-pallet .

This research takes into account the above mentioned limitations of previous work and
attempts to a step further in developing heuristic solutions to the 3D palletization
problems. The research analyses the palletization problem with a three-dimensional
approach. The research develops interlocked stacking as a new pallet loading technique
when dealing with boxes of different lengths, widths, and heights having a stochastic
arrival pattern. There is no previous knowledge of the box availability or quantity and the
interlocked stacking palletization approach is used. The heuristics also break the box

dimensions barrier which haunted many in the past. Boxes with dimensions which are
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not harmonious among each others and which have slim chances of achieving good
solutions are used to test the proposed heuristics. The goal of the proposed heuristics is
to meet the most possible of the following performance criteria: maximization of the
volumetric pallet utilization, minimization of the palletization time and the work-in-

process area, as well as improving the pallet loading stability.

There are four main objectives of this research:

1) Develop Model 1 entitled: "3D Loading Heuristic for Different Box
Types."”
2) Develop Model 2 entitled: "3D Loading Hewistic with Demand

Requirements and Stability Measures."
3) Implement and test both models using computer programming.

4) Compare the results of the proposed models with those found in the literature.
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CHAPTER 2.0 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 volume of boxes that can be fitted on a single pallet or in other words,
pallet volumetric utilization was the one criterion to which attention was given. Not all
solutions of this type satisfy real-life problems. There are other practical considerations
in 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 Volumetric Pallet Utilization, VPU

When talking about pallet volume, what is meant is 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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=1 i i 2.1.H
VPU (%) = — x 100
Lp X Wp X Hp
where;

N = the number of boxes on the pallet
w, h; = the dimensions of box i
L, W, H, = the dimensions of the pallet

When the palletization process is carried out by layers, the VPU may be obtained from
the individual layer utilizations. Each layer utilization is separately computed by the
product of the area coverage of that layer by its height (Yang, 1993). On the other hand,
when palletization is carried by columns, the VPU is based on the individual columns'

utilizations.

When interlocked stacking is used to load boxes on the pallet, it is more likely that the
VPU formulation will be similar to that of 'sequential' column stacking. However since
interlocked stacking may cause to advantage the interlocking of boxes, the stacked
columns themselves may merge at some stacking levels. In such case, it is no longer
possible to discern individual column stacks but rather an interlocked load of boxes. Then,

the VPU can only be calculated by the formulation of equation 2.1.1 above.
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2.2 Load Stability

A pallet load will consist of a combination of several column stacks and/or layers of
boxes and. in both warehouse storage or distribution. will be subjected to a variety of
forces. Each box will need to maintain its position in the stack when subjacted to 'static’
forces of other boxes. in the stationary stack. In addition. during transportation the load
will be subjected to 'dnamic’ forces. These two aspects require that consideration be
given tc the support afforded to each individual box. and to the interaction between
adjacent boxes. Such considerations and requirements are referred to as the stability
criterion.

Based on the above definition and the stability studies discussed in the literature.
especially that of Hanna (1993) on the finite clement method. two practical stability rules
are deduced and are used to incorporate stability considerations in this research. These

two rules are:

Rule #1: If two boxes of same base dimensions and different heights are
available. make a block combination of the two such that the box
with greater height is placed on top of the box with smaller height.
It is better in terms of static stability for tiie box in the bottom
while it is of no harm to the box with larger height.

Rule #2: 1f a stack can be made of several boxes such that it is of two
layers. set the layer with lesser boxes on top of the layer with more
number of boxes.



2.3 Work-In-Process, WIP

Work-in-process is 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 to the pallet loading stage. are
required by the palletization algorithm 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 volumetric pallet
utilization and/or load stability. It is clear that all decisions of this type are executed on-
line during the actual palletizaticr. 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 it will require more number of pick-and-place operations by the

robot arm. Palletization time is discussed in more details in the next section.

2.4 Robotic Palletization Time, RPT

Though there are many transportation mechanisms that can be used to move boxes in the
palletization work cell. there is a common need to minimize the total palletization time.
One common method found in industry uses a robot arm that is in charge of moving
boxes from the conveyor to the pallet or to the WIP or from the WIP to the pallet.

Consequently, one may define 'Robotic Palletization Time. RPT. as the total elapsed tirne
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taken by the robot to perform all the above mentioned motions until boxes are no longer
loaded on the pallet. Assuming that before any action, the robot is always at its home
position, the path describing the motion will include going from the home position to the
"pick-up" location then, after arrival at "place" location or destination, the robot is to go
back to its home position. Therefore one should add the times taken by the robot to go
back and forth to and from its home position and the various system locations that are the
conveyor, the pallet, and the WIP.

Therefore if the robot command is to pick up a box from the conveyor and place it on

the pallet, the overall elapsed time for the command, T, is

Teop =tyc *lcp * by (2.4.1)
where
e = robot motion time from the home position to the conveyor,
tcp = time taken by the robot to move a box from the conveyor to the pallet,
tpyy = robot motion time from the pallet to the home position,
Similarly, for a conveyor/WIP operation, Te.yp is
Te-mp = tu-c * tc-mp * twip-n (242)
and for a WIP/pallet operation, Ty, is
Tip-p = tw-wip * twip-p * tpopt 24.3)
Furthermore, if
Tge = total idling time in which the robot at its home position, waits for
a motion command.
Nep = the number of times the robot performs a conveyor/pallet operation,
Newr = the number of times the robot performs a conveyor/WIP operation,
Nwipp = the number of times the robot performs a WIP/pallet operation.
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The robotic palletization Time. RPT is calculated by formula:

RPT = Ng_p x Tep * Newp X Tooynp + Nygpp X Typpp + Ty, (244)

The idling time of the robot is mainly affected by the irregular time intervals between the
arrival of boxes on the conveyor at the pick-up location. There are some other physical
factors that may increase the idling time of the robot arm which are the computation time
required by the palletization algorithm, the response times of hardware components such
the conveyor and the box identification mechanism. The presence of ahove factors is
essential to the palletization problem and their effect on Tep, Tewp. Twppr and Ty 18
uncontrollable unless better equipment are used. However conceptually, lower RPT is a
result of efficient palletization aigorithms which work on minimizing N, that is the
number of times a box needs to be taken from the conveyor to the WIP. Since for every
conveyor/WIP motion, there is a WIP/pallet equivalent, one can visibly notice the relation
between the WIP and the RPT. The less boxes are required to go to the WIP, the lower
the overall palletization time and better. Thus, the performance of palletization algorithms
is measured by such indices as WIP and palletization time. Furthermore, these indices are
important when comparing palletization algorithms together. One way to combinc all the
different indices into one global index for algorithm evaluation is to give weight factors
for each index according to its importance. However, the weight factor for each index
may vary from application to application. Moreover, the use of such global index is
restricted to comparing algorithms that solve identical problems in identical working

conditions.
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CHAPTER 3.0 PROPOSED HEURISTIC MODELS

The proposed models can be visualized as one basic heuristic model and a
modified version of that model that adds other considerations to its "raison détre’. They
are both of the heuristic procedure type. The basic 3D palletization problem solved by the

two heuristics has the following main characteristics:

+ There are many box types different in length, width, and height.

+ The boxes arrive to the palletization workstation on a conveyor in a
stochastic sequence.

+ The boxes are required to be loaded on a pallet with the use of robotic
manipulators.

+ There is a temporary holding area, WIP to which boxes may be taken if
necessary before loading orto the pallet.

+ Boxes are loaded on the pallet in interlocked stacks which may sometimes

merge together.

The two proposed models differ mainly from each other in the performance criteria to
which top priority is given. The first heuristic model entitled "3D Loading Hewristic for
Different Box Types" is designed to solve the general 3D palletization problem with the
main concern of maximizing the pallet volumetric utilization and as much as possible

minimizing the WIP area as well as the total palletization time. Boxes are loaded onto the
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pallet as long as there is enough room for them. The second proposed heuristic model
entitled 3D Loading Heuaistic with Denxmd Reqidrements and Stability Measiures "' solves
the same general 3D problem but with loading stability considerations going hand in hand
with the other performance criteria. Moreover, it is assumed that there is a particular
demand for each box type and when a box whose demand is zero enters the system, it is

not loaded onto the pallet.

3.1 Basic Model Concepts

Before going further in discussing each of the heuristics, some terminologics and concepts

are to be defined and clarified.

311 Pattition { sub vol :

A sub volume is the three-dimensional equivalent of a subarea which is commonly found
in the literature of two dimensional palletization algorithms. To introduce the term sub
volume, one can look at how the remaining empty space of a pallet of length L, width
W, and height H is partitioned when a box of length 1, width w, and height h is loaded

in it as shown in figures 3.1.
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Figure 3.1: Box being loaded on an Empty Pallet

One can load the box within the boundaries of the pallet's base in three typical locations.
It can be loaded at one of the four comers, it can be put such that it touches only one side
of the base, and it can be loaded in the middle where it does not touch any of the sides

of the pallet's base. Figure 5.1.2. represent these three cases.

Box Loaded Box Loaded Box Loaded
at a Corner at the Side in the Middle

Figure 3.2: Typical Box Locations on the Pallet

The volumes of the remaining empty space in the three cases are equal. They are the
volume of empty pallet minus the volume of the box. However, the way to partition
them into small empty rectangular volumes is different. Moreover, the number of these

small empty volumes is different in each situations. However, regardless of their number,
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there are different ways to define these empty volumes. Thus, how to partition the
remaining empty volume is a question to be answered in a latter section. Figure 5.1.3

shows examples of partitioning the remaining volume for the three box locations

discussed earlier.

//I\\
Fe A7
I |
Three Four Five
Sub Volumes Sub Volumes Sub Volumes

Figure 3.3: Different Number of Sub Volumes for Different Box Locations

Each of these small empty rectangular volumes is called a sub volume (SV). Therefore
a sub volume can be defined as: “a rectangularly shaped three dimensional empty space
Sfound anywhere at any given time on a pallet.” With the same total empty space volume,
as the number of sub volumes increases, their individual volumes decreases. And the
smaller the volume of a sub volume, the smaller boxes, the sub volume can accommodate.
In other words, a relatively large box is not likely to fit into sub volumes of smaller sizes.
In turn, this larger box will most probably be carried to the WIP where it will wait until
the time is right for it to be loaded onto the pallet. Not only will the WIP be increased,
but also time accounted for carrying the box from the conveyor to the WIP and later from
the WIP to the pallet will increase the total palletization time. Therefore, as a general rule
and as one of the heuristic's decision making criteria, partitioning of empty space is

performed such as to minimize the Total Number of Sub Volumes, (TNSV) thus
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maximizing the individual volumes and capacities of sub volumes to accommodate small
boxes as well as larger ones. Based on the above discussion, a recommended box loading
location is at one of the four comers of the pallet or of sub volumes since this procedure
will tend to give better results concerning pallet Volumetric utilization, WIP, as well as
total palletization time. Furthermore, the closest sub volume comner to the pallet's origin,
(0,0,0) is chosen as the comer at which the box is loaded. This ensures that there are no

gaps between boxes when they are loaded adjacent to each other on the pallet.

3.1.2 loading a Box into a Sub Volume

When loading 2 box in a sub volume, there are two important features that need to be
considered in order to understand what is really going on. The first of the two issues is
finding the optimal box orientation in the sub volume. The other feature is what happens
to the sub volume as the box is loaded in it. Each of the two issues is discussed

separately.

3.1.2.1 Optimal Box Orientation in a Sub Volume

Generally, a box can fit into a sub volume in different orientations. Restricting the
rotation of boxes to be only about the Z axis of the box which is vertical, the problem is
simplified from 3D to a 2D surface orientation. A box type i of length lg; and width wgr;
can be placed in a sub volume j of length Lgy; and width Wyy; in two different
orientations; parallel orientation where the largest box base dimension is orientated // to

that of the sub volume, and perpendicular orientation where the box is rotated 90° .
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Figure 3.4: Possible Box Orientations in a Sub Volume.

The orientation of a box on the pallet in general and in the sub volume in particular is
an important factor in maximizing the wtilization of the pallet. Lee (1990) came up with
a set of 2D formulae that compare the two orientations. Their respective capacities to fit
as many as possible of the box are computed. The orientation loading to the larger

loading capacity is chosen as the better of the two.

L W, L. W,
Max [ imeger(ﬂ) x integer(—Y) integer(—2y x integer(—s—y’) 1 (B.1.2.1)
bor, Wi, Wer, o,

In order to avoid dealing with unrealistic portions of boxes, only the integer part of a
division is used and the decimal part is discarded. The larger value means that more
boxes of that type can be loaded onto the sub area (the base of the sub volume) with that
box orientation. For instance, if the first set, int( Ley/lyp)*int(Wsy/Wgr ), gives a larger
value, box; should be in the parallel orientation ( Iy, / Lg; and wy / Wy, ) and

vice versa.
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3.1.22 Result of Loading a Box into a Sub Volume

When a box is loaded onto the pallet, it must be loaded in one of the available M (TNSV)
sub volumes. Initially M=1, that is the whole pallet is considered as that sub volume. Of
the M sub volumes, M-1 sub volumes remain unchanged and one sub volume is filled
either completely or partially. If the sub volume is completely filled (the 3 box
dimensions match' the 3 dimensions of the sub volume) as in figure 3.5, the new TNSV
= M-1+P with P = 0. Thus new TNSV = M-1 and the number of available sub volumes
is reduced by one.

~<
Original No Sub Volumes
Sub Volume Remaining

Figure 3.5: Completely Filed Sub Volume.

In the case of a partially filled sub volume there can be a creation of a maximum of three

new sub volumes of which two are adjacent to the box and the third sub volume is on top

of the box (P = 1, 2 or 3).

"In order to find the best orientation of a box in a sub volume, the box can only be rotated about its Z axis. (i.e. the
Z dimension of the box is always parallel to the Z dimension of the sub volume whereas the X and Y dimensions can
mix and match.)

38



When P = 1, two of the three box dimensions match with two of the sub volume
dimensions. Refer to figure 3.6 for an illustration. The new TNSV = M-1+1 = M. Thus

the number of available sub volumes remains unchanged.

SIS

1 Sub Volume 1 Adjacent
at the Top Sub Volume

Figure 3.6: Partially filled sub volume,
Situation 2) P= 1.

When P = 2, only one of the three box dimensions match with one of sub volume's
dimensions as in figure 3.7. In this case, the TNSV = M-1+2 = M+1. Thus the number

of available sub volumes is increased by one.

Y &

1 Sub Volume at the Top 2 Adjacent

+ Sub Volumes
1 Adjacent Sub Volume

Figure 3.7: Partially filled sub volume,
Situation b) P = 2.
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Finally, when P = 3, none of the box dimensions match with any of the sub volume's
dimensions as in figure 3.8. The TNSV = M-1+3 = M+2. Thus the number of available

sub volumes is increased by two.

1 Top + 2 Adjacent Sub Volumes

Figure 3.8: Partially filled sub volume,
Situation ¢) P = 3.
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When a box is loaded in a sub volume adjacent to boxes already on the pallet, it may
sometimes occur that the remaining heights above them are equal. Thus. it is possible
to level multiple interlocked column stacks and form a large column out of columns of
smaller base dimensions. This phenomenon may occur when two sub volumes may be
combined together after a box has recently been loaded on the pallet. Figure 3.9 shows
the state of the column stacks on the pallet before the box is loaded in sub volume |

belonging to column stack 2.

Sub Vol 1

Stacked

Sub Vol 2 Column 1

Stacked
Column 2

Figure 3.9: Two Adjacent Stacked Columns before Surface Levelling

Figure 3.10 illustrates how two sub volumes may be combined into one, thus the TNSV
is decreased by one as opposed to being unchanged if no sub volume combining had
taken place. Also levelling of stacked columns 1 and 2 is made possible allowing the

possibility of a larger box to be loaded on top of both columns.
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Figure 3.10: Surface Levelling and Sub Volume Combining
One benefit that is gained from considering combining sub volumes and the possibility
of levelling stacked columns, is the enforcement of the interlocking of the columns stacks

and so enhancing the loading stability of the pallet load since by loading a large box on

top of both columns, figure 3.11, the guillotine cut is now interrupted.

Figure 3.11: Breaking the Guillotine Cut between Two Stacked Columns
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A final note on combining sub volumes is that although sub volumes combination may
sometimes be feasible, not all cases are practical. The dilemma of choosing or not
choosing to combine sub volumes together arise when there are more than one box as a
candidate to go on the pallet. One candidate box, if loaded on the pallet may make sub
volume combining and column stacking levelling possible. However, the resulting sub
volume will not be as "efficient" as in the case of another candidate box when loaded,
will increase the new TNSV. Which of the boxes to load to produce the more efficient

pallet load is a decision made according to some other criteria discussed later.
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3.2 Proposed Model 1: 3D Loading Heuristic for Different Box Types

391 Problem Defigiti | Characteristi

The palletization problem at hand was previously tackled in the literature. Specifically
by Yang (1993) and Arghavani (1993) who have also proposed one and two directional
3D heuristics to solve it. Physically, the palletization workstation could be composed of
a conveyor that transports the boxes to a robotic palletization cell. The cell could consist
of a cartesian robotic manipulator that is in charge of loading the boxes on pallets on at
a time. The robot picks up the boxes from the end of the conveyor - pick up place. -
Somewhere on the conveyor, before the pick up place, a box identification mechanism
could be installed to identify the box types going in the system before arriving to the pick
up place. Sensors on the conveyor detect the presence of a box at the box identification
location as well as at the pick up place. Whenever needed, the sensors cause the
conveyor to stop. If a box arrives at the pick up place and there is no room for it on the
pallet or loading priority is given to another box, the robot takes charge of transporting
it to the WIP. As for the box types that are to be palletized, the two above mentioned
heuristics from the literature have considered the following characteristics:

+ There is no restriction on the number of boxes avdilable.

-+ Boxes arrive in random sequences.

+ One pallet is loaded at a time.

+ Boxes can only be rotated about their Z axis.
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+ Box dimensions are integer proportions of each other.

+ Boxes are grouped by similar heights.

+ Each group height has a holding area.

+ Maximum number of heights is three.
The proposed model solves for a more generalized form of the problem discussed above
by eliminating the last four considerations.
The main conceptual difference between Model 1 and the heuristics in the literature is
regarding the palletization technique by which boxes fill the pallet. Yang used the
Layered-Palletization method where a new layer of boxes is started only when the layer
undemeath is completely filled. Arghavani used the Stacked-Palletization method where
a column stack is started only when the previous stack is completely filled. Model 1
combined both techniques and developed the interlocked stacking loading iethodology
in which a box can be loaded whether on top or adjacent to any box on the pallet at any

time as long as the constraints are satisfied and the heuristic rules are followed.

3.22  Objectives of the Proposed Model

In solving the palletization problem with the above characteristics, the heuristic attempts
to achieve near optimum solutions with respect to maximum volumetric pallet utilization
as a main goal. As secondary levels of optimization, the heuristic aims at reducing the
maximum WIP as well as minimizing the total palletization time. Moreover, the heuristic
rules indirectly build relatively stable pallet loads though load stability consideration is

not intended in any way.
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323 Model Inputs and Assumptions
As any other solution to the palletization problem, this heuristic requires some input

information and assumptions.

3.2.3.1 Pallet Dimensions
The pallet dimensions and the allowable pallet height must be predetermined and given

as input to the heuristic.

3.2.3.2 Stacking and Sub Volume Height
All sub volumes on the pallet have maximum possible height. That is the maximum

allowable height of the pallet minus their respective individual stack height.

3.2.3.3 Box Dimensions
The heuristic is flexible to accommodate any box types provided that their dimensions are
given as input to the heuristic. If box types are added or removed from the existing set,

an appropriate update input should be given to the heuristic.

3.23.4 Box Availability
There is no upper or lower limit regarding the quantity of each box type involved in the
palletization process. As boxes come into the system, they are tested for loading on the

pallet.



3.2.3.5 Box Stackability

All boxes are assumed to have uniformly distributed masses and they are all stackable

meaning that box crushing is assumed not possible.

3.2.3.6 Nature of Incoming Box Arrival
Boxes arrive into the system one at a time. The distance between two consccutive boxes
is not taken into account. However it is assumed there are always two boxes on the

conveyor, one at the pick up place and one at the box identification location.

3.24 Model Constraints
The model requires some physical constraints of which some are somehow trivial but

important to consider in order to dev:lop a practical solution.

3.24.1 Box Overhanging and Clampability

In some cases, boxes are not loaded directly off the producuun line or off the storage
shelves onto pallets but are stacked and transported in this form to another arca for
storage or loading. The normal transportation method employed in these instances is that
of a clamp truck -- which clamps the load on two opposite faces. To allow such an
operation to be successfully carried out, the stack must possess at least one pair of
perfectly flat opposite faces. This requirement is termed 'clampability.’ Carpenter et dl.
(1985) proposed a clampability criterion which demands that a least two opposite stack

sides be flat, and set a lower limit of percentage of the length of all box edges parallel
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to the plane of the clamping (apart from those edges that form the perimeter of a layer)
must be in contact with other box edges.

Ivo box overhanging is allcwed by the proposed heuristic. That is 100% of the base of
any box must have support from boxes undemeath. However, since smaller boxes may
be loaded on top of larger ones, the clampability requirement is not guaranteed especially

when small boxes are loaded near the perimeter of the pallet.

3.24.2 Box Rotation
Boxes are not allowed to rotate about the horizontal axes. Hence boxes can have one of

two orientations on the pallet according to the rotation about the vertical axis.

3.24.3 Sub Volume Constraints
Since box rotation is permissible, the orientation of a box in a sub volume need nc: be
length to length and width to width as sorme boxes may have their widths lying along the
lengths and perpendicular to the widths of their respective sub volumes. The following
equations represent the loading constraints of box i in sub volume j.
1. For perpendicular box orientation, the box must have an equal or smaller length
than the length of the sub volume. The box width must also be less than or equal

to the width of the sub volume

-
S o (3.2.4.3.1)
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2. For perpendicular box orientation, the box that has been tumed 90° must have
an equal or smaller length than the width of the sub volume and have an equal or

smaller width than the length of the sub volume.

L.,. - w 2 0
i on (3.2.4.32)
Ws,,j ~ gy 2 0

3. In both cases, the height of box i, hyy; is always orientation in the direction

parallel to the height of the sub volume j, Hgy, and:

H

sy ~ hpn 2 O (3.2.4.3.3)

3.2.44 WIP Constraints
To avoid over-using the WIP and thus increasing the RPT, a constraint is set to limit the
number of boxes of the same type that are allowed to go to the WIP. Consequently, there

can be a maximum of one (1) box of every box type in the WIP area.
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395 Decision Making Tl

In order to better understand the heuristic, it is of major importance to look into special
features of the heuristic such as how to decide about the loading priority of the boxes or
how to choose the best partitioning pattern when the available empty space can be
partitioned in more than one way. Also, how to determine the sub volume that best suits

a particular box.

3.2.5.1 Priority Levels

Generally, box selection is based on three main comparison levels. These three priority
levels decide which of several boxes is given priority over the others. First, the boxes
are compared at the first priority level. If one box is given priority in one level, it is
immediately chosen as the best box and is loaded onto the pallet. However, if a tie
occurs among several boxes when compared in a priority level, the decision making is
postponed to the following level. Finally, if the tie reaches priority level 3 and a decision
is not yet made, a box is randomly selected. The three priority levels are individually

explained in the following sections.

Priority Level 1: TNSV
As discussed in section 3.1.1 earlier, among the many positions where one can load a box,
boxes are always loaded at the closest comer to the pallet origin. It was also discussed

that as the number of sub volumes decreases, their relative individual volumes increases
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and the larger their volume is, the bigger the chance of loading large boxes as well as
smaller sized boxes. Moreover if a box can completely fill one of the available sub
volumes, the number of remaining sub volumes is reduced by one. The application of the
discussed rules increases significantly the volumetric pallet utilization. Therefore, the new
Total Number of Sub Volumes. (TNSV) remaining if each of the boxes being tested were
loaded is chosen as index for priority level 1. It is worth mentioning that sometimes, early
in the test, two boxes may result in equal TNSVs. However, one box may also provide
surface levelling and some sub volumes may merge together resulting in a lower new
TNSV for that box which gives it advantage over its rival. Accordingly, priority level |
is summarized in that the box with smallest index value (TNSV) is the box chosen to load

on the pallet.

Priority Level 2: PRVLC

Priority level 2 is sought only when there is a tie between two boxes in level 1. Since the
boxes come into the system in random order, optimization is used to solve for an
unknown firture. Thus, the procedure used in these circumstances can only be qualitative.
Consequently, since each box considered for optimality results in a distinct partitioning
pattern of the remaining volumed if this box were loaded, the total capacitics of all sub
volumes to accommodate larger varieties of box types, defines the second level of

comparison. To better understand the meaning of this priority level, some parameters

should be introduced.
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If the total number of box types is TNBT, Individual Box Type Sub Volume Load
Capacity, ISVLC is the maximum number of boxes of a given type that fits in each sub
volume in one orientation. For instance, the ISVLC of sub volume, SV, for box type,

BT; is:

L, W,
lSVLCu = Max [ mteg( ) X mreg( ) mteg(—) % mteg( ) ] x mteg( )

Lo, War, Wsr, s, 8T, (3.2.5.1.1)
v i=1,2,.. INSV
V j=1,2, . INBT

The Maximum Capacity of each Box Type for all sub volumes, MCBT is the sum of all
ISVLCs for each box type. For instance, the MCBT of BT; for all sub volumes is:

TNSV
MCBT, = ¥ ISVLC, (3.2.5.1.2)

J=1

As a quantitative index by which comparison is made at level 2, the Partitioned
Remaining Volume Load Capacity, PRVLC defines the maximum filling of all sub
volumes with all box types. It is expressed as the sum of the MCBTs for all box types
that can be expected in the system. For instance. for a box among others being tested, its

PRVLC is: TNBT
PRVLCy,, 4. = Y. MCBT, (3.2.5.1.3)
i=1

Based on the above discussion, the larger the value of the PRVLC of a box, the more

likely is its corresponding pallet layout to accept a larger variety or a larger number of
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box types. Therefore. the box is given better chances of being chosen to load on the
pallet. When two boxes result in equal values of PRVLCs, the tie break is postponed to
the third comparison level to decide on their loading priority.

Regarding the relation between the MCBTs and their PRVLC, It is of great value to
discover that it is not only a matter of summation but also a matter of finding the
proportion of each box type to the PRVLC. Positive Flexibility of box type i, PF, is
defined as the flexibility of the partitioned pattern to accommodate box type i. It is

determined as follows:
MCBT,

¢ PRVLC

(3.2.5.1.4)

Since the MCBTSs are independent and mutually exclusive meaning that only one situation
may occur at any state analysis of the PRVLC calculation, the probability of all situations

can be formulated as the sum of all PF;'s:

PF, + PF, + .. + PF

TNBT = 1 (3.2.5.1.5)

When a particular PF, = 0, the probability of the partitioned pattern to accommodate box
type i is nil meaning that if a box of type i comes into the system while this pattern is
the actual layout of the pallet, none of the available sub volumes on the pallet would be
large enough for the box to fit into. At this stage, the only feasible solution would be to

take the box to the WIP.
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Priority Level 3: Total Zero Count

As a final level in which loading priority of boxes is decided, priority level 3 takes into
account the handicap of each sub volume of the pattern in terms of not being able to
accommodate particular box types. This situation is manifested in a value of 0 for the
ISVLC of each sub volume for each box type. As opposed to a non zero positive value
for ISVLC, Zero-Count, ZC; = 1 whenever ISVLC,; = 0 meaning that box type i does not
fit in sub volume j. When the ZCs of all sub volumes for a particular box type are added

together, a new parameter called Zero-Count for a Box Type, ZCBT is produced.

NSV
ZcBT, = ¥ Zc, vi=12... T  (3.23.1.6)
i1

ZCBT can reach a maximum value equal to the TNSV. In such case, none of the TNSVs
can accommodate the box type. Furthermore, if the demand for this box type is greater
or equal to 1, then the tested box leading to such outcome is eliminated from the race to
the pallet.

On another hand, if all the ZCBTs for all box types are added together, the result is the
index used at level 3 for breaking the tie between boxes tied at level 2. This index is
called the Total Zero-Count, TZC for the partitioned pattern of the among others being

tested for loading on the pallet.

TNBT
TZCrpee = Y. ZCBT, (3.2.5.1.7)

i=1
It is clear that the smaller the TZC, the better performance will the pattern have in

accommodating more box types in a larger number of its sub volumes. Therefore, the box
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which results in a smaller total zero-count is selected tor loading on the pallet. To
complete the quantitative analysis of the TZC, it is important to compare it to the
maximum value it can possibly take, TZC,,,.. TZC,,, is reached only when the number
of remaining sub volumes on the pallet is # 0, i.e. the pallet is not 100% full and all of
the remaining sub volumes are too small to fit any of the box types. For each of the

boxes tested for loading priority, TZC,,, is expressed as:

TZC,.. g = TNBT x TNSV,, (3.2.5.1.8)

max

Since level 3 is only used to compare boxes that share a common TNSV and a common
value for their PRVLCs, there can only be one value of TZC,,, . The proportion of cach
TZC for each box considered to TZC,,, is named Negative Flexibility, NF of every box.

It is expressed as follows:

NF - TCrapm | T2 b (3.2.5.1.9)

Test Box TZC " TNBT x TNSV

The concept of negative flexibility is another way of looking at the total zero-count in
which one is able to study the effect of the box loading process on the flexibility of the
pallet layout to accommodate box types. One is able to recognize the progressive
diminishing of flexibility as the volumetric pallet utilization increases. This is due to the

decreasing volume of the remaining empty space on the pallet as boxes are loaded on it.
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3.2.5.2 Choosing Between Partitioning Patterns

When a box is loaded onto the pallet, the remaining empty volume can be partitioned in
more than one way. In order to choose the best (optimal) partitioning pattern, the PRVLC
of each pattern is computed and they are all compared at priority level 2. The pattem
with higher value is the one chosen. However, if there is a tie among partitioning

pattems. the tie break is make at level 3 as discussed above.

3.2.5.3 Chcosing between Sub Volumes

When there are many ,ub volumes that can fit a box. there is a need to find which one
of them should be chosen to load the box into in order to obtain best results. Since the
empty space on the pallet has been previously partitioned into an old pattern made of M
available old sub volumes, the following is the procedure to consider for finding the best
loading position for box;.

- Among the M old sub volumes, there are N sub volumes that can accommodate
box, N<M.

- Consider loading box; in each one of the N sui volumes at a time.
- Starting at n = |
- The best box orientation in the sub volume is found.

- The remaining empty space of the sub volume used can be partitioned in 2 ways,
thus 2 sub pattems.

- Compare the 2 sub patterns at priority levels 2 ana 3 if needed.
- The chosen new sub pattern is composed of P new sub volumes, (P, = 3).

- The Mi-1 old sub volumes that are intact, when added to the P new sub volumes,
they form one new patten composed of a TNSV =M - 1 + P sub volumes
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- If one or some of the P new sub volumes can be combined with any of the M-1
old sub volumes thus forming K additional new pattems eac’ hzving a TNSV <
M-1+P

- The best of the K+1 patterns is selected according to priority levels 2 and 3.

- Repeat the above procedure for all the N sub volumes that can accomir-odate box,,
thus box; will have N PRVLCs and TZC corresponding to the N sub volumes.

- Select t':e optimal sub volume to accommodate Box, according to priority level
2 and 3.

326 Heuristic for Model |

Overv.ew of the Heuristic

As a new box enters the system, it is given the title of Box,, when it arives at the box
identification mechanism. If no box is present at the end of the conveyor in the pick up
place. box, moves to the pick up place and its name changes tc Box,. Afterward, a
new box enters the system and becomes the new Box,,.

Assuming that there are many boxes in the WIP, they are all compared among each cther
and the best box in thc WIP, Boxy is selected according to priority levels 1, 2, and then
3. If Box, and Box ,p are of the same type, Box,, is loaded right away on the pallet
since there can only be a maximum of one of each box type in the WIP. Not only will
this decision contribute to maximizing the VPU, but will also minimize the RPT since ic
avoids the possibility of loading Boxy; first then being obliged to carry Box, to the WIP
afterwards in case Box,, has priority over it. However, if Boxy, and Box,, are not of the
same type, they are compared using priority levels 1, 2, and then 3. If Boxy, is found

to have priority over Box,, it is loaded right away on the pallet thus working on reducing
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the WIP. Then the cycle loops back to find a new Boxy,;, among the remaining boxes in
the WIP, if any. On the other hand, if Box,, has priority over Boxyg or if there is no
boxes left in the WIP, Box,, is compared with Box, using priority level 1 only. If the
index (new TNSV) for Box_, is smaller or equal to that of Box,,, Box,, is loaded on the
pallet. Otherwise, box,, is carried to the WIP. Box,, advances on the conveyor and
becomes the new Box;, and new box becomes Box,. The reason why Box, is only
compared with Box, at priority level 1 only is to minimize the number of times Box,,
must go to the WIP which will have a negative impact upon the RPT as well as the WIP
performance measures.

The cycle continues until one of three situations occurs; the pallet is 100% filled, the
remaining sub volumes on the pallet are too small for any of the boxes in the system, or

boxes stopped entering the system.

The following steps are to determine the heuristic solutions to the 3D interlocked stacking

palletization:

STEP 1: Start,
[nitialize the system.
TNSV = 1.
lvi = Lpaies Wsvi = Wraies hsvi = Hprer-
STEP 2: Check the available empty volume on the pallet.

IfTNSV=0 =  Volumetric Pallet Utilization, VPU = 100%
Terminate.

Else, it TZC=TNBT x TNSV & VPU = 100% is impossible
Terminate
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STEP 3:
If there is no boxes in the WIP s STEP 6.

Otherwise s Find the best box in the WIP, Boxyy, according to priority levels
1, 2 then 3.

W&]Mmm

If Boxyyp is of the same type as Box;, = Load Box, wr Perform update
w STEP 8

Otherwise = the best box is chosen according to priority levels 1, 2 then 3.

STEP 5: Confirm Prioriti
If Boxy;p has priority over Boxg, w& Load Boxy, = Perform update
w Retumn to STEP 2.
STEP 6: Compare Box to Boxc,.

If Box., is of same base dimensions as those of Box,, & priority is to Boxg,.
Otherwise == The best of the 2 boxes is chosen according to priority level 1 only.
STEP 7: Confirm Prioriti
If Boxc, has priority over Box, = Load Box;, = Perform update
Otherwise = Move Box; to WIP = Perform update.
STEP 8:
Boxc, = Box¢,

New Box = Boxg,
Return to STEP 2

For simpler and more efficient visualization of the heuristic, a flow chart containing all

the steps involved is shown in figure 3.12.
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Figure 3.12: Flow Chart for the 3D Loading Heuristic

(Model 1)
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Although model 1 does not consider pallet load stability, it sometimes works indirectly
towards achieving better pallet loads. This happens when two boxes are tied at priority
level 1 - the TNSV - the box with largest PRVLC is chosen over the other. This may
mean that the box chosen is smaller in size since it results a set of larger sub volumes
whose PRVLC is larger. Thus, in such circumstances, when smaller boxes are loaded

before larger ones, more stable pallet loads are built.
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3.3 Proposed Model 2: 3D Loading Heuristic with Demand Requirements and
Stability Measures

blem Definiti Yo s

Proposed model 2 is developed to solve a more complicated 3D palletization problem
than the one that model 1 solved for. The main difference between the two problems is
the fact that the basic problem is concerned with loading all the boxes coming on the
conveyor as long as they keep coming to the system and the pallet can still accommodate
them. However, palletization problem 2 loads on the pallet selected box types and
quantities according to a demand requirement for each type of box. Boxes which have
zero demands or whose demands are already satisfied are transported to the WIP
permanently in addition to boxes being moved temporarily to WIP found in the case of

palletization problem 1 solved for in the first model.

The main characteristics of palletization problem 2 are the following:
+ One pallet is loaded at a time.
+ Box types arrive in random sequences.
+ Boxes can only be rotated about their Z axis.
+ There is no restriction on the number of boxes availzble.
+ There is a restriction on the quantity of each box type 1equired to load on the
pallet.
+ Interlocked Stacking is used to load Boxes on the Pallet.
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332 Obiectives of the P | Mod

While model 1 concentrated on achieving near optimal solutions for maximizing the VPU,
minimizing the WIP and the RPT, the proposed model 2 gives priority to the application
of some developed stability rules. Though, by doing so, the VPU, WIP, and RPT may

be effected, the proposed model still aims at optimizing these performance criteria.

333 in Model | | A .
Similarly to model 1, there are some inputs and assumptions that need to be taken care
of in model 2. Only ones modified because of stability of demand requirements are

discussed.

3.3.3.1 Box Availability
There is no upper or lower limit regarding the quantity of each box type coming into the
system. However, their random arrival may interfere with the available box types at

every palletization stage.
3.3.3.2 Input Demand for each Box type

As additional input to the model, the quantity of each box type that must be loaded on

the pallet must be pre specified.
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134 G 1 Model Constrai

Only the modified model constraints are discussed in this section.

3.3.4.1 Box Quantity Constraints
The number of boxes of each type that need to be loaded on the pallet is fixed.
Quantities larger than required are taken to the WIP. In other words, the maximum

number of boxes on the paliet of each box type must not exceed its demand constraints.

NBOPy; < demandy Vi=1,2,...TNBT (3.3.4.1.1)

Also the maximum number of boxes on the pallet, NBOPy,,, must not exceed the added

demands of all box types.

INBT
NBOP,,. < Y, demandyy (3.3.4.1.2)
i=1

3.3.4.2 Block Constraints
Since blocks made of several boxes may be formed, there are some constraints regarding
their loading in the available sub volumes. The following equations represent the loading
constraints of block i in sub volume j.
1. For parallel block orientation, the block must have an equal or smaller length
than the length of the sub volume. The block width must also be less than or

equal to the width of the sub volume

Ly, - ki 2 0

(3.3.4.2.1)
Wsi = WYaoeki 2 0
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2. For perpendicular block orientation. the block being tumed 90° must have an
equal or smaller length than the width of the sub volume and have an equal or

smaller width than the length of the sub volume.

Lo = Waper i 2 0

3.34.2.2)

Wsvi = lpoexi 2 O

3. In both cases, the height of block i, hg,.y; must always be oriented in the

direction parallel to the height of the sub volume j, Hgy; and:

Hy - hypyy 2 0 (334.2.3)

3243 WIP Constraints
There is no restricting constraints regarding the maximum quantity of each box type in
the WIP. This is due to the possibility of moving unlimited number of boxes from the

conveyor to the WIP because they have zero quantity demand or that their demands are

already satisfied.

33.5  New Decision Making T}
Based on the two stability rules discussed in chapter 2, section 2 regarding pallet load
stability, a new term is introduced. It is the term "block". A block is a combination of
several boxes forming a larger three dimensional rectangular. A block can be made of
boxes present in the WIP and on the conveyor provided that their demand constraints are
not violated. The main idea behind the formation of blocks is giving the opportunity to

implement the two stability rules within the block. Therefore, when the pallet is
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composed of several blocks of boxes, provided that the stability of the individual blocks
are enhanced, it is more likely that the overall stability of the pallet load is improved.
Figure 3.13 shows how more stable blocks can be formed through the application of
stability rule 1 which says:

Rule #1: If two boxes of same base dimensions and different heights are
found, make a block combination of the two such that the box with
greater height is placed on top of the box with smaller height.

Figure 3.13: Using Stability Rule 1 to Build Stable Blocks

Figure 3.14 below shows how stability rule 2 can also improve the stability of blocks.

Rule #2) [f a block can be made of several boxes in two layers, set the layer
with smaller number of boxes on top of the layer with more
number of boxes.

- -§A

Figure 3.14: Using Stability Rule 2 to Build Stable Blocks
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The possibility of block formation is checked at every stage of the palletization process.
Whenever a new box with non zero demand enters the system, it a block can be formed,
according to the specifications of stability rule 2 first and then stability rule I, the block
is treated as a box and tested for loading on the pallet in one of the available sub
volumes. The reason why stability rule 2 has priority over rule | is because the block
pattern made by rule 2 involves three boxes which is more than that of rule 1. Therefore,
stability rule 2 would build bigger blocks with higher load stability. Moreover, if it
occurs that a particular box is part of more than one block, the block with bigger volume
is chosen for loading.

However, there is a price that sometimes has to be paid as a result of the block building
process. If the new feasible block can fit somewhere on the pallct, some special
arrangements must be made to physically load the block on the pallet in the desired
pattemn. This may sometimes require moving boxes from the conveyor to the WIP
temporarily, thus increasing the maximum WIP at any one time as well as increasing the
robotic palletization time.

The following section describes the heuristic of model 2 which was designed so as to

keep the WIP and the RPT to a minimum as much as possible.

336 Heuristic for Model 2
The heuristic of model 2 is divided into two main sections. The first part of the heuristic
is concerned with building stable blocks out of the boxes in the WIP and those on the
conveyor, Boxc, and Box,. Again, it must be reminded that this may be pussible only
when their demands are non zero. The second part of the heuristic is a modified version

of the heuristic of model 1 but with box demand considerations.
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STEP 1: Start,

Initialize the system.
TNSV = 1.

vi = Loaies Wsvi = Whaiew hsvy = Hpyje

If TNSV =0 w Volumetric Pallet Utilization, VPU = 100%
& Terminate.

Else, if TZC = TNBT x TNSV = VPU = 100% is impossible
w Terminate

STEP 3: Check Updated Demand for Boxc,
if Updated Demandg,,,, = 0 w Move Boxc, permanently to the WIP

w& Boxc, becomes Box;,, New Box = Boxe,
= Repeat STEP 3

STEP 4: Study Stability Rule 2
If block possible using stability rule 2 s Load th- boxes forming the block as follows
if any or all the boxes of bottom layer of block are in the WIP

- Load them
- Decrease the Demand of each box loaded by 1
Step 4.1: [s Bottom Layer Complete?

If bottom layer complete

if BOXyop Layer in WIP w Load it =  Decrease Demandy,, gai.q DY 1
w Block complete s STEP 2

else if Boxc; = BoXqyp 1y = Load it = Block complete o STEP 2
else if BoXe; = BOXrop Layer

if Box, present s Move Boxc, to WIP

Boxc2 becomes Box,, & Load it =  Block is complete = STEP 2
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Else (either BoxXc, or Box~ or both go in bottom layer)
if Boxc; = BOXpouom Layer w Load it
if bottom layer complete s Box,, is empty w Step 4.1

else if BoxCl empty = Boxy, becomes Box,, = Load it
w Bottom Layer complete s Step 4.1

else (BoxCl not part block) = Move Box, to WIP s+ Box. becomes Box,,
o Load it = Bott. layer complete s  Step 4.1

STEP 5: Study Stability Rule |
If block possible using stability rule 1 = Load the boxes forming the block as follows
if BOXgostom Layer iIN WIP s Joad it & Decrease Demandy,, jyaeq bY |

Step S.1: Is Bottom Layer Complete?

If Bottom Layer Complete

if BOXrop Layer in WIP o Loadit & Decrease Demand,, oueq bY 1
w Block complete s STEP 2

else if BoXcy = BOXpop 1aer ™ Load it & Block complete s STEP 2
else if BoXe, = BOXyop fayer
if Box; present ww Move Boxg, to WIP
Box, becomes Box;, = Load it  wr Block complete w STEP 2
Else (zither Boxc, or Box, goes in bottom layer)
if Boxe, = BoXgguiaer ™ Load it & Decrease Demandg,, e by 1 & Step 5.1

else (Box, is not part of block) = Move Box;, to WIP = Boxc2 becomes Box,
== Load it = Bott. layer complete s Step 5.1

STEP 6:
If there are no boxes in the WIP &= STEP 9.

Otherwise = Find the best box in the WIP, Boxy,, from among those whose
demand > O according to priority levels 1, 2 then 3.
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STEP 7: Compar¢ Box 1o BoXup.

If Boxyp is of the same type as Box,, = Load Boxc,
- Decrease Demandg,, by 1
= STEP :1

Otherwise =& the best box is chosen according to priority levels 1, 2 then 3.
STEP 8: Confirm Prioriti
[f Boxygp has priority over Box, s Load Boxygp

w Decrease Demandg, by 1
< Retumn to STEP 2.

STEP 9: Compare Boxc, to Box,.
If Box¢, is of same base dimensions as thoee of BoX,, & priority is to Boxc,;.
Ntherwise
if Demandg, . =0 s Priority is to Boxg,

else, the best of the 2 boxes is chosen according to priority level 1 only.

STEP 10: Confirm Prioriti
If Box., has priority over Box, = Load Box; s Decrease Demandg, bv 1
Otherwise = Move Boxc, to WIP.

SIEP 11:

Box, @ Bovg,

New Box = Boxs
Retumn to STEP 2

For better visualization of the heuristic rules, a flow chart containing all the steps

uvolved is shown in figure 3.13.
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4.0 COMPUTER PROGRAMS DESCRIPTION

This chapter describes the computer programs written in the Turbo C++ programming
language to implement both models. All the programs' input and output data as well as

all the modules - functions - involved in the main programs are examined and explained.

4.1 Turbo C++ Program for Model 1

4.1.1 Irput Data and Varjables:

The following are the input data entered by the user to set up the program before the
system is started and the program executed.

TNBT integer variable is used to store the number of different box types that may
be encountered in the system.

1_boxtype, w_boxtype, and h_boxtype are 3 one-dimensional integer arrays used
to store integer numbers that represent the lengths, widths, and the heights of all the box
types respectively.

pallet size is a one-dimensional integer array used to store the length, width, and

the maximum allowable pallet height in the model.
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4.1.2 Qutput Data and Variables:

As boxes are ioaded on the pallet, the program prints an update report of the
palletization process. Eventually, when the pallet is filled to its maximum, - not necessary
100% - or when boxes stop c~ming to the system, the program prints out a final
palletization report containing all characteristics related to the palletization process. More
precisely, all information regarding the pallet, the boxes on the pallet, the WIP, the

conveyor, and all performance evaluation values.

vol_pal util is a float variable (non integer) that represents volumetric pallet utilization,
VPU in percent.

boxesonpallet is an integer variable which keeps record of the number of boxes that are
on the pallet at any given time.

L _vector of box_on_pallet, W _vector_of box_on_pallet, and H vector _of_box_on_pallet,
are 3 one-dimensional integer arrays representing the position vector (L,W.,I{) of the
closest corner of every box on the palict with respect to point (0,0,0) of the pallet.
orientation_box_on_pallet is a character array that keeps record of the orientation with
which each box was loaded on the pallet. Whether it is " /L. and w/W" or "I//W and
w//L" where lower case letters are the length and width of the box, and the uppercase
letters are those of the pallet.

TNSV is an integer variable denoting the number of empty sub volumes remaining on the

pallet, if any.



L_subv, W_subv, and H_subv are 3 one-dimensional arrays that store the length, width,
and height of each of the empty sub volumes.

L vector; W_vector, and H_vector are 3 one-dimensional arrays that store the position
vector (L, W,H) of the closest corner of every empty sub volume on the pallet with respect
to point (0,0,0) of the pallet.

boxesinWIP is an integer variable containing the number of boxes in the WIP at the
present time.

box_in_WIP is an integer array thut can have a binary value of either 0 or 1 for each box
type. A value of 1 for a particular type means its presence in the WIP.

actual WIP_swrface is an integer variable representing the actual WIP surface coverage
by the boxes in WIP at that instant.

max_WIP_surface is an integer variable representing the maximum WIP surface area
coverage by the boxes in WIP at any one time during the palletization process.

RPT is a integer variable representing the total palletization time starting from the time

the first box arrives at the pick up place to the instant the iast box is gone to the pallet.

4.1.3 Program Modules:

main( )
This main module of function entitled main( ) is more or less a representation of the
heuristic in a programming structure. It manages and distributes the work to all the other
program functions either directly or indirectly through intermediate function calls.

Interactions with Other Functions:
Called from:
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nowhere

Calls:
initialize( )
get new box( )
generate_boxes_cl_and c2()
can _box fit_in subv( ... )
if box were loaded( )
find best box in WIP( ...)
find_best_box_in_cl_and WIP( ... )
find best box_in _cl_and c2( ... )
load best box_in WIP( ... )
update TNSV_because WIP( ... )
load_boxcl( ... )
update TNSV _because cl( ... )
move_boxcl_to WIP( )
print_final results( )

initialize( )

As the name may deduce, this function is called from main( ) as soon as the program is
executed. Its duty is to give appropriate initializing values to the variables and arrays that
are globally declared in the program - i.e. variables and arrays available to any function
at any time. This function is called only once in the beginning of the program.

Interactions with Other Functions:
Called from:
main( )
Calls:
none
get new_box( )

This function is called whenever a new box is required to enter the system. If a random
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arrival of boxes is the case, a random number generator is used. On the other hand, if a
specific sequence of box types is fed to the system, the function advances in the sequence
to get the following box type value which is returned to the calling function.

Interactions with Other Functions:
Called from:
main( )
Calls:
none

generate_boxes_c1_and c2()

The need for this function comes when the previous boxcl is gone from the pick up
place. The functions simulates boxc2 going from the box identification location to become
boxcl at the pick up place. It also calls function get_new_box() asking for a new box,
boxc2 for identification.

Interactions with Other Functions:
Called from:
main( )
Calls:
get_new_box( )
find best box_in WIP( ...)
When there is a box or more in the WIP, this function finds the best box in the WIP to
be loaded on the pallet, the sub volume where the box would go if it were loaded, the box
orientation, its rank, PRVLC, zero-count, and the new TNSV.

Interactions with Other Functions:
Called from:
main( )
Calls:
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can_box_fit_in subv( ... )
if box were loaded( )

find_best_box_in_c1_and WII ... )
According to the heuristic rules, the function compares the best box in the WIP with the
box at the pick up place, boxcl for loading priority.

Interactions with Other Functions:
Called from:

main( )
Calls:
none
find_best box_in cl1_and ¢2( ...)
Again, this function compares the qualifications of the boxc2, with those of boxcl which
is at the pick up place for loading priority.

Interactions with Other Functions:
Called from:
main( )
Callis:
none

load_boxcl( ... )

This function updates the pallet with the newly loaded box, boxcl, its position, and
orientation. The number of boxes on the pallet is increased by one and the volume of the
box is added to the volumetric pallet utilization.

Interactions with Other Functions:
Called from:
main( )
Calls:
none
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move_boxcl_to WIP( )

When boxcl is to go in the WIP, this function increases the number of boxes in the WIP
by onie. The number of boxes of boxcl type is also increased by one. The WIP surface
area coverage is updated with the boxcl base area and if needed, the maximum WIP
surface coverage is also updated.

Interactions with Other Functions:
Called from:
main( )
Calls:
print_status( )

load_best box_in WIP ...)

When the best box in the WIP is loaded on to the pallet, this function updates the pallet
with the type, position, and orientation of the box. The number of boxes on the pallet is
increased by one and the volume of the box is added to the volumetric pallet utilization.
On the other hand, the number of boxes in the WIP is reduced by one. The WIP surface
area coverage is updated accordingly.

Interactions with Other Functions:
Called from:
main( )
Calls:
none

print_final_results( )
This function is in charge of printing the "FINAL PALLETIZATION REPORT" as soon
as the palletization process is finished. Concerning the pallet, the printed results are: the

volumetric pallct utilization, the number of boxes on the pallet, their types, positions, and
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orientations. As for boxes in the WIP if any, their number is printed as well as the WIP
surface coverage and the maximum WIP surface coverage at any one time during the
whole process. Furthermore, because palletization time is an important pertormance
criterion, it is also printed with the final results. This function is only called once and it
is at the end of the program.

Interactions with Other Functions:
Called from:
main( )
Calls:

none

print_status( )

Whenever a box is loaded onto the pallet, whether from the conveyor or from the WIP,
or whenever a box on the conveyor is taken to the WIP, this function is called to print
the status of the pallct, the WIP. and the conveyor under the titie of "PALLETIZATION
UPDATE REPORT". The report includes the volumetric pallet utilization, the number of
boxes on the pallet, their types, positions, and orientations, the number of boxes present
in the WIP and their types and the present WIP surface area coverage. The robotic
palletization time is also printed.

Interactions with Other Functions:
Called from:
update TNSV_because WIP( ... )
update TNSV_because _cl( ...)
move_boxcl_to WIP()
Calls:
1.one
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if_box_were_loaded( )
Given a particular box, this function finds which among the empty sub volumes is best
for the box to load into if the box were to load on the pallet.

Interactions with Other Functions:
Called from:
main( )
find best box in WIP( ... )
Calls:
if the box were_ioaded in subv( ... )
find PRVLC( ...)

if_the_box_were_loaded_in_subv( ... )

This function is given one of the empty sub volumes to be tested to fit a box. If the box
does not fit in the sub volume, the function terminates. Otherwise, it calls
best box orientation(...) to find the best orientation of the box in the sub volume.
Afterwards, it calls making the two_subpatterns(...) to partition the remaining volume in
the only two possible ways. It then compares them to choose the best of the two. The
function tien updates the TNSV by adding the newly created sub volumes to the M-1
(TNSV-1) old ones through update the first M 1 subvolumes(...) and
add the P _new subvolumes(...) respectively. As a final step, the function calls
combine_if you can(...) to investigate whether any sub volumes can be combined together
or if the partitioning pattern can be redesigned for better performance.

Interactions with Other Functions:
Called from:
if box were_loaded( )
Calls:
can_box fit_in subv( ... )
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best_box_orientation( ... )

making the two_subpattems( ... )
update the first M 1 subvolumes( ... )
add_the P_new subvolumes( ... )

find PRVLC( ...)
combine_if you can( ...)
find PRVL(( ...)

This function considers all the empty sub volumes of a partitioning pattermn and computes
its PRKVLC. The zero-count 1or that partitioning pattern is also computed by this function.

Interactions with Other Functions:
Called from:
if box_were loaded( )
if_the box_were loaded in_subv( ... )
Calls:
none

combine_if you can( ... )

When considering loading a box in a particular sub volume on the pallet, as a result of
partitior.ing the remaining empty space of the sub volume, there is a possibility of finding
a new sub volume adjacent to one of the old sub volumes such that the two can be united
together thus forming onc bigger sub volume which will improve the flexibility of the
partitioned space to accommodate more box types. This fiinction takes care of ihis task
and updates the TNSV accordingly. Another aspect of this function is to look into
redesigning - repartition - any two sub volumes that are adjacent to each other and are
forming an "L shaped" empty space. The function compares the flexibility of the original
L shape volun.z to that of the redesigned one and accordingly decides which of the two

patterns to keep.
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Initeractions with Other Functions:

Called from:

if_the_box_were loaded_in_subv( ... )
Calls:

find PRVLC( ... )

can_box_fit_in_subv( ... )

This function tests whether a specific box fits into a specific sub volume or not. An
integer value of 1 is retumed to the calling function if the box fits in the sub volume and
a value of 0 1f not.

Interactions with Other Functions:
Called from:
main( )
find_best_box_in_ WIP( ... )
if_the box were loaded in subv( ... )
Calls:
none

best_box_orientation( ... )

This function compares the two possible box orientations in a sub volume. The first
orientation: is that of the box' length // length of the sub volume and its width // to that
of the sub volume. The other box orientation is when the box is rotated 90° in the sub
volume. The function returns a different value to the calling function depending on which
orientation is the best for the box being tested in the sub volume.

Interactions with Other Functions:
Called from:
if the box were loaded in_subv( ... )
calls:
none



making_the_two_subpattems( ... )

This function uses the results of best_box_orientation(...) to partition the remaining empty
space of the sub volume in two different patterns. Both pattemns have the same number
of new sub volumes which could be a maximum of three.

Interactions with Other Functions:
Called from:
if the box were loaded in_subv( ... )
calls:
none

update_the_first M _1_subvolumes( ... )

Since a box can only be loaded in one sub volume at a time, the remaining TNSV-1 sub
volumes remain as they were before the box loading operation. This updating task is
performed by the current function. The results of this function are associated with the box
being tested. These results are stored in memory for future use in case the box is the one
chosen to go on the pallet.

Interactions with Other Functions:
Called from:
if the box were loaded in_subv( ... )
calls:
none

add_the P _new_subvolumes( ... )

The new sub volumes created as a result of loading the chosen box into the chosen sub
volume are added to the TNSV-1 to update the pallet's configuration and make it ready
for the next box loading process. As in the case of the

update_the_first M_1_subvolumes(...) function, the results of this function are also stored
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in memory in case the box being tested is the one chosen to go on the pallet.

Interactions with Other Functions:
Called from:
if_the box_were loaded in_subv( ...)
calls:
none

update_TNSV_because WIPX ... )

If the chosen box to be loaded on the pallet is the best box in the WIP, this functions
extracts from memory the pallet's configuration associated with the best box in the WIP
and makes the official update of the TNSV and their new sizes and locations. ‘The
function is called by main( ) right after calling load best box_in WIP( ... ).

Interactions with Other Functions:

Called from:
main( )
calls:
print_status( )

update TNSV_because_cI( ... )

As opposed to update TNSV_because WIP( ... ), this function extracts from memory the
pallet's configuration associated with boxcl and makes the official update of the TNSV
and their new sizes and locations. The function is called by main( ) right after calling
load boxcl( ... ).

Interactions with Other Functions:
Called from:
main( )
calls:
print_status( )
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4.2 Modified T+ ' v C++ Program for Model 2

The source code of the computer program of model 2 takes most of the modules of
program | and modifies them to suit the demand requirements. Several new functions
were developed to take care of the building blocks of boxes as well as implementing the

two stability rules.

Variabl

The only addition to the set of input variables is an array named demand_org.
demand_org is a one dimensional integer array that stores the number of boxes of each

type that is required to be loaded on the pallet.

The only addition to the set of output variables are two integer variables; stability rulel
stability_rule2.

stability_rulel is a counter that counts how many times stability rule 1 was implemented
in the palletization process.

stability_rule2 is another counter that counts how many times stability rule 2 was

implemented in the palletization process.
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Because the computer program used to implement the sccond heuristic is a moditied
version of that of model 1, some of the existing modules are modified and some new ones

are added. These modules called functions are explained below.

move_boxcl_to_WIP_no_demand( )
This function replaces the old move _boxcl to WIP( ) function that was used in program
1. It is used whenever the demand for boxcl is zero and it updates the WIP accordingly.

Interactions with Other Functions:
Called from:
main( )
Calls:
print_status( )
move_boxcl_to WIP_demand( )
This function updates the status of the WIP and all demand information for the box type
going to the WIP, and increases the WIP surface coverage.

Interactions with Other Functions:
Called from:
main( )
Calls:
print_status( )

try_making_stable block rule2()
This function is called to look into the possibility of forming a block based on the

requirements of stability rule 2.
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Interactions with Other Functions:
Called from:
main( )
Calls:
can_block fit_ anywhere( ... )
load block rule2( ... )

load block_rule2( ... )

Whenever the above function succeeds in forming a stable block, this function's role is
to identify the loading priority among the boxes making the block. It also updates all
information regarding the boxes going on the pallet, the boxes going and leaving the WIP
in order to load the complete block in the proper order.

Interactions with Other Functions:
Called from:
main( )
Calls:
generate_boxes cl_and c2()

try_making_stable_block rulel( )
This function is similar to try making stable block rule2( ) but looks into building
blocks using stability rule 1

Interactions with Other Functions:
Called from:
main( )
Calls:
can block fit anywhere( ... )

load block rulel( ... )
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load block rulel( ... )
Again, this function is similar to load block rule2( ... ) but the updates are based on
stability rule 1.

Interactions with Other Functions:
Called from:
main( )
Calls:
generate_boxes_cl_and c2( )
can_block_fit anywhere( ... )
This function tests whether a block fits on the pallet or not. An integer value of 1 is
returned to either try_making_stable_block rulel( ) or try_making_stable block rule2()
if the box fits and a value of 0 if not.

Interactions with Other Functions:
Called from:
try_making stable block rulel( )
try_making stable block rule2( )
Calls:
none

update_ TNSV_because_block( ... )
This function updates the remaining sub volumes on the pallet whenever a block is
loaded.

Interactions with Other Functions:
Called from:
main( )
Calls:
print_status()
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CHAPTER 5.0 CASE STUDY AND APPLICATIONS

In order to validate the proposed models. numerical examples have been worked out. The
pallet used in all the examples is a standaid 48" x 40" pallet. Two sets of box types and
dimensions are used in the numerical analysis of the proposed models. The maximum
allowable height of the pallet is taken as 40". The first set is made of 8 types of boxes

and is displayed in table 5.1.
TABLE 5.1:  First Set of Box Types and Dimensions

Box Length Width Height Base Area
Type (inches) (inches) (inches) ( inches? )

1 12 5 10 60

2 12 5 20 60

3 18 10 10 180

4 18 10 30 180

5 30 10 10 300

6 30 10 20 300

7 25 15 20 375

8 22 18 30 396
Pallet 48 40 40 1920

It is based on actual dimensions of boxes that are commonly used for packaging. The
variety of box dimensions was selected knowing that 100% volumetric pallet utilization
is not likely to be achieved using the standard pallet dimensions. This is due to the

dimensions of the box types not being integral multiples of each other as well as the
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dimensions of the pallet not being integral multiples of the boxes. The reason why such
dimensions were chosen is to demonstrate how the models can be used in real world
palletization problems which involve many boxes with divers dimensions. The second
set of box dimensions is taken from the literature in order to compare the resuits of the
proposed heuristic models with those found in the literature. This second set is

characterized by boxes of integral multiples dimensions.

TABLE 5.2:  Second Set of Box Types and Dimensions

Box Length Width Height Base Arca ‘

Type (inches) (inches) (inches) ( inches® )
1 40 24 10 96(0) “
2 40 24 20 960 ||
3 24 20 10 480 ||
4 24 20 20 480 ||
5 24 20 30 480 |
6 20 12 20 240 I
7 20 12 30 240

Pallet 48 40 40 1920

These box dimensions were used in the literature so that there would be a high likelihood
of good solutions that achieve 100% pallet utilization.

There are two main sections of this chapter. One section is devoted for each of the two
models. In either case, whenever VPU, WIP, and the RPT are computed, the following

formulae are used.
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Volumetric Pallet Utilization is calculated by formula 2.1.1.

N
Z I, x w, x h,
i=1
prprHp

@.1.1)

VPU (%) = x 100

where;
N = the number of boxes on the pallet
1, w, h = the dimensions of box i
L, W, H, = the dimensions of the pallet
The WIP index is taken as the maximum surface area covered in the WIP at any point

in time during the sequence. As for the robotic palletization time, RPT which is ideally

calculated by formula 2.4.4.

RPT = Nep x Tep * Neoyap X Teoygp * Nypp_p X Typpp + Ty, 2-4.4)

When actual palletization is carried out, all components of the above formula can be
recorded. However, since the current study is only a simulaticn, Ty, is practically
impossible to find unless it is assumed. Therefore, a very basic version of equation 2.4.4
which was used in the literature (Yang), (Arghavani) will be used here for comparison
with simulation results by both Yang and Arghavani. The assumptions made are the
following:

T4 is dropped form the equation.

Ter = Teww = Twpr =40 s.

Theretore, the robotic palletization time is simplified to

RPT =40 x ( Nep + Ne_yip * Nugp_p ) .1
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where;

Ncp = the number of times the robot pertorms a conveyor/pallet operation,
Ne.wp = the number of times the robot pertorms a conveyor/WIP operation,

Nwpp = the number of times the robot performs a WIP/pallet operation.

Model 1 Application:

Three simulations were conducted to validate the heuristic of mode 1. Each of the
three simulations consists of ten different random sequences of boxes.
The first simulations uses boxes from the first set of box types found in table 5.1 above.
The types of boxes in the sequences and their order are decided by an cqual probability
random number generator that is incorporated in the get new box( ) function.
Simulations 2 and 3 use boxes from the second set of box types found in table 5.2. which
was used in the literature by Yang as well as Arghavani. The same sequence inputs used
in the literature are also used for simulations 2 and 3. In the following chapter, the
results of the two simulations will be compared to those of Yang and Arghavani.
The first part of this chapter is a case study that demonstrates the pertormance of model
1 through a complete palletization cycle of the first of the ten sequences of simulation 1.
Boxes keep coming into the system in random fashion and are loaded on the pallet until
the pallet is filled to its maximum.
The box type pattern of the random sequence of boxes coming into the system is the
following:

4-5-7-2-6-4-2-8-6-5-1-3-7-6-1-5

As the first box enters the system, it is given the title of Box,. The box is identified by
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the box identification mechanism and is found to be of type 4. Since there is not any
box at the pick up place on the conveyor, the conveyor advances transports box type 4
from the Boxc2 position to the Boxcl position at the end of the conveyor. Meanwhile,
a new box enters the system and becomes Boxc2. It is of type 5. Until this moment,
there are no boxes in the WIP area, therefore the decision that will be made is based on
the comparison between Boxcl and Boxc2 only.

Each of the two boxes is tested for loading on the pallet. At this stage, the pallet is
considered the one and only sub volume available to accommodate any of the two boxes.
As a first step in considering the candidature of Boxcl, its ISVLC is found using equation

3.2.5.1.1 for the two possible orientations in the sub volume.
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Figure 5.1: Orientation 1 of Box Type
(Top View).

L 14 H
ISVLC oyt 1 = imeg(—i&) x integ( sy‘) x inreg(;iv—')

(A Wpr, BT,

= integ(:—:) X imeg(—‘:%) X imeg(i;%)
=2 x4 x1

= 8 boxes of type 4

Figure 5.2: Orientation 2 of Box Type
(Top View) .

L W, H
ISVLC i 4 = infeg(—L) x integ(-—2)  tnteg( ")
War, 'n. hyr,

48 40 40
- nteg( - integ( —- 8
integ( IO) x 3(18) x '"CX(JO)
=4 %2 x1

= 8 boxes of type 4

Ideally, the orientation leading to the largest ISVLC is chosen as the best orientation for

the box being tested. However, in cases such us the one at hand where the two box

orientations result in equal values of [SVLCs, the heuristic gives priority to the orientation

wliere the length of the box is parallel to that of the sub volume (in this case, the pallet).

The step that follows consists of {inding the best way to partition the remaining cmpty

space of the sub volume (or pallet). Since there are two possible partitioning solutions

for the sub volume, they are compared according to the three priority levels in the

‘ following order: 2, 3, then 1.
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Figure 5.4: Partitioning Patt.2 of Box Type 4
(Top View)

The first comparison between the two partitioning patterns is between their respective

PRVLCs. Based on the theory discussed in earlier chapters, tables 5.3 and 5.4 summarize

the process of calculating the PRVLC of patterns 1 and 2 respectively. It is clear that

partitioning pattern 2 has better performance since the value of its PRVLC is larger than

that of partitioning pattern 1.

Table 5.3: PRVLC Sample Calculation
for Partitioning Pattern 1 (Box Type 4)

Table 5.4: PRVLC Sample Calculation
for Partitioning Pattern 2 (Box Type 4)

Box Type| 1]2]3]4]5[6]7]8
svi (7oA 616 8[4]2
SV2 12[3]4
SV3

MCBT
(Z1svL)

tS|

6
3
0

8
2
0

o

9201

Box Type| 1[2|3(4|5{617|8
SV1 964824 IQS
SV2 [16]8{4|1}4]|2
SV3 1210;1

MCBT
(X 1SVLO)

PRVILC

6
0
0(0|0

6
1
0

(=]
Ol o] N

11456(29 7 201016 | 2 § 244
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Consequently. the way the remaining empty space of the pallet is partitioned according
to the pattern found in figure 5.4. Furthermore, there is no need to compare the Total
Zero Counts, TZC of the two partitioning patterns since the decision was possible at the
level before. However. let's assume that PRVLCpyuoned paem 1 = PRVLC hrutioned e 2 »
then, the TZC of the two patterns would need to be compared. Tables 5.5 and 5.6 below
summarize the calculations of their TZCs respectively. Whenever any of the 3 sub
volumes (SV1, SV2, or SV3) can not accommodate a particular box type, a ZC value of
1 is written in the corresponding position in the table. Otherwise, a dash " - " is put
instead. Looking at the two TZC values. (6) for pattern 1 and (8) for pattern 2, priority

would have been given to pattern | for box type 4 contrary to the decision based on

priority level 2.
Table 5.5: Zero Count Sample Table 5.6:  Zero Count Sample
Calculation for Partitioning Pattern 1 Calculation for Partitioning Pattern 2
(Box Type 4) (Box Type 4)
Box Type |1|2|3|4{5/6/|7(8 Box Type |1|2|3|4(5(6|7|8
SvL  |-|-1-1-1-1-1-|- SVt |-{-{--1-]-|-|-
sv2  [-[-[-|-|-]-]-]-| JZC sv2 [-[-[-]-[-]-[ih] JJZ€
(CzcB1) 9378:1))
SV3 [-j1f-{11]1{1]1 SV3 |-|1-[1|1}1{1}L
ZCBT=X.zq0|1|o[1]1|1]|t{I} 6 ZCBT=2zq{o[1(0[1{1[1]2[2] 8

Now that all analysis related to box type 4 (actual Boxcl) is finished, the same is

repeated for box type 5 (actual Boxc2). To decide which is better than the other,
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according to the heuristic rules for comparing two boxes on the conveyor, priority level
is used. Since TNSV,,,..; (3) STNSVy,.2 (3), it is decided that Boxcl goes on the pallet
and not to the WIP.

Now that Boxcl is gone to the pallet, Boxc2 (type 5) proceeds to the end of the conveyor
and becomes Boxcl. A new box enters the system. It is of type 7. Priority level 1
reveals that it is profitable to load Boxcl since the new TNSV (=3) will not be increased
as opposed to loading Boxc2 (TNSV=5). Type 7 box becomes Boxcl and the new box
of type 2 is Boxc2. Now TNSV of Boxc2 is 5 which is equal to that of Boxcl, therefore,
Boxcl of type 7 is loaded onto the pallet. Now comparing box type 2 to the next box
in the sequence, box type 6. Priority is given to box type 6 because its TNSV = 4 is less
than that of box type 2 which is 6. Therefore type 2 box with base area = 60 inches? is
moved to the WIP and box type 6 advances to become the new Boxcl. In the meantime,
new box of type 4 becomes Boxc2. Boxcl (type 6) still remains better than the box in
the WIP (type 2) and is also better than Boxc2 (type 4) through priority level 1. Thus
it is carried to the pallet.

Fortunately for the box of type 2 in the WIP, its TNSV being 3 gives it priority over the
box on the conveyor of type 4 whose TNSV = 6. Accordingly, box type 2 leaves the
WIP which becomes empty again. Since a box from the WIP was loaded on the pallet,
no new boxes are allowed to enter the system because both Boxcl and Boxc2 are still in
position on the conveyor. The WIP does not stay empty for long since Boxcl (type 4)
is taken there because Boxc2 (type 2) gives smaller TNSV (= 4) as opposed to a value

of 7 for Boxcl.
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The WIP so far was used twice and the maximum WIP area at any one time is equals to
180 inches® corresponding to the base area of box type + which is currently in the WIP.
Boxc2 (type 8) as well as type 4 box in the WIP increase the TNSV from 5 to 7 while
Boxcl (type 2) reduces it from 5 to 4. Thus Boxcl exceeds the other two boxes by tar
in terms of performance and is loaded onto the pailet. At the next stage, for the first
time, the second priority level is used to break the tie between Boxel (type 8) and box
type 4 in the WIP at the first comparison level. Each of the two if loaded, will result in
a TNSV=¢ However, box type 4 gives a PRVLC = 119 which is larger than the value
of 91 resulting from loading box type 8. Therefore, box type 4 is moved from the WIP to the
pallet.

So far, nine boxes have entered the system in the following order: 4 -5-7-2-6-4-2-8 -
6. Seven of these boxes are presently on the pallet producing a volumetric paliet utilization of
38.67%, a robotiv palletization time of 360 scconds, a maximum WIP of 180 inches® and is
presently empty. The palletization process continues in the same fashion until the remaining sub
volumes on the pallet totalling 7 can not accommodate any of the 8 predefined box types. At that
stage, there are 16 boxes on the pallet which is 91.25% filled in a palletization time of 760
seconds. For better visualization of the pallet loading process, A step by step pallet build up with

the 16 boxes is shown in figure 5.5.
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Figure 5.5: Step by Step Pallet Build Up (Seq. 1, Sim. 1, Model 1)



The complete palletization process including moving boxes to and from the conveyor as

well as the WIP is summarized in table 5.7.

Table 5.7: Summary of Stage by Stage Palletization Process (Seq. 1, Sim.1, Model 1)

Decision

Comparison Index |

WIP

Stage| Box Box VPU
2 | cl WP (%9 | (im)| () §
1 4 - - | Boxc2 = Boxcl - - - -
2 | 5| 4 | - |Boxcl & Pallet | TNSVel(3) = TNSVe23)| 703 | o | 40 |
31751} - o . TNSVel(3) < TNSVe2(5)[ 1094 0 | 80 |
4 {2771 - - TNSVcl(5) = TNSVeX(5)[ 2070 o | 120
51 6 | 2] - |Boxcl & WIP|TNSVcl(4) > TNSVC2S)| ... | 60 | 160
6 4 6 2 | Boxcl = Pallet [ TNSVcel(d) < TNSVe2(5)|28.52 | 60O | 200 .
7 2 4 2 | Boxy, = Pallet| TNSVcl(6) > TNSVy,,(S) |30.08] 0 ] 240 §
8 | ., | » | - |Boxcl = WIP|TNSVcl(7) > TNSVe24)| ... | 180 | 280 §
9 | 8 | 2 | 4 |Boxcl = Pallet| TNSVcl(4) < TNSVe2(7)| 31.64| 180 | 320
10| 6 | 8 | 4 |Boxyy = Pallet| PRVLC,OD<PRVLC(119) | 38.67| 0 | 360 |
11| . | ., | - |Boxcl = Pallet [ TNSVcI(6) < TNSVCAT)|54.14| 0 [ 400
12 5 6 - - Base Dim.., = Base Dim.,, | 61.95| 0 440 §
Bl 1] 5] - oo TNSVcl(8) < TNSVc2(9)| 65.86| 0 | 480 |
14| 3 | 1 | - !Boxel = WIP|INSVCI(9) > TNSVe2(D)| ., | 0 | 520§
15| 7 | 3 | 1 |Boxcl = Pailet | TNSVel(7) = TNSVeX(7)| 6820 60 | 560 |
166 | 71 . TNSVcl(6) = TNSVc2(6)| 77.97| .. | 600
170116 |1 . TNSVcl(5) < TNSVc2(7)| 85.78 640
18] 5 | 1 |1 . Boxcl = Box WIP | 86.59 680
19 - | 5 | 1 |Boxypw Pallet] TNSVcI(7) > INSVy6) | 87.34] 0 | 720
26 | - 5 - |Boxcl = Pallet] TNSV=7, PRVLC=), [91.25] 0 | 760 |

TZC,, is reached (=7x8)
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Since table 5.7 in the previous page shows only the index based on which the decision is made
at every stage, table 5.8 puts together all indices of each stage. These indices are grouped into
two main categories, decision making indices and physical performance indices. Each group
comprises three indices. The indices of the first group are the total number of sub volumes
remaining at the end of each stage, TNSV, the load capacity of the partitioned remaining volume
at the end of each stage, PRVLC, and the total zero count of the pattern of each stage, TZC. The
indices of the second group arc the volumetric pallet utilization in percentage, VPU, the work-in-
process surface coverage, WIP, and the robotic palletization time, RPT at the end of each of the

16 pallet loading stages of the palletization process.

Table 5.8: Performance Griteria and Indices (Seq. 1, Sim. 1, Table 1)
Sequence: 4-5-7-2-6-4-2-8-6-5-1-3-7-6-1-5

Pallet Loading Stages
7 8 9 10 | 11

6 | 6] 8 & 7

94151 48

8 49 | 50 | 44
1094

0
80

The numbers found in table 5.8 are used in the analysis of results chapter to graphically
represent the behaviour of and relationships among the indices. The actual Turbo C++

output file for the sequence containing all values of table 5.8 is found in appendix A.
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The results of the ten sequences of the first simulation of model 1 are tabulated in table
5.9 while those of the second and third simulations are found in table 5.10 and table 3.11

respectively.

Yable 5.9: Simulation 1: Performance criteria Output (Model 1)

Seq Sequence VPU | TNSV WIP  |MaxWIP| RPT
# (%) | Remain'g | Remain'g |(inches®) [ (s)
1 | 4-5-7-2-6-4-2-8-6-5-1-3- | 91.25 7 0 180 760

7-6-1-5
2 | 64-5-8-2-8-4-6-4-1-3-5- | 87.92 7 300 600 880
1-5-3-2-5-2-2
3 | 3-2-6-54-2-74-3-7-2-1- | 89.06 4 0 360 1080
5-3-6-2-6-3-2-3-1-2-2
4 | 5-1-6-7-3-1-5-6-7-3-2-4- 1 94.92 4 300 375 1120
6-2-7-2-3-3-5-14-2-2-1
5 | 6-2-84-64-8-1-3-5-7-6- | 92.03 5 876 876 960
1-4-2-3-7-5-2-3-3
6 | 4-5-7-6-7-2-2-4-8-6-1-5- | 91.25 7 0 375 760
3-1-6-5
7 | 8-8-74-4-1-2-5-2-2-2-3- | 87.19 8 0 60 760
2-7-3-1-5-1
8 | 4-5-7-2-2-1-7-7-2-2-1-3- | 96.09 1 0 375 920
6-5-1-7-2-7-7-2-1
9 | 2-2-1-8-8-6-1-2-6-3-34- | 91.72 4 0 300 760
3-8-5-3-3-1

10 | 4-3-7-7-2-1-6-2-4-1-1-2- | 91.41 4 0 300 1000

46-5-2-3-2-1-3-2-5-6
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Table 5.10: Simulation 2: Performance criteria Output (IVlodel 1)

Seq| Sequence” | VPU| TNSV WIP | Max.WIP|RPT
# (%) | Remain'g | Remain'g| (inches® ) | (s)
1 2-2-14-14 100 0 0 480 280
2 2-2-4-4-1-1 100 0 0 0 240
3 2-14-2-14 100 0 0 480 280
4 1-2-1-44-2 100 0 0 0 240
5 14-4-1-2-2 100 0 0 0 240
6 1-4-2-2-4-1 100 0 0 480 280
7 4-1-14-2-2 100 0 0 480 280
8 4-2-2-1-4-1 100 0 0 480 280
9 2-1-4-4-1-2 100 0 0 0 240

10 4-1-1-2-24 100 0 0 0 240

*The T0 sequences of the simulation are those used by Arghavani.

Table 5.11: Simulation 3: Performance criteria Output (IViodel 1)
Seq| Sequence”™ | VPU| TNSV WIP | Max.WIP|RPT
# (%) |Remain'g|Remain'g| ( inches® )} | (s)
1| 1-3-2-3-5-1-5 | 100 0 0 480 360
2| 5-5-3-3-2-1-1 | 100 0 0 0 280
31 5-5-1-3-1-2-3 | 100 0 0 480 320
4 | 5-5-1-3-3-1-2 | 100 0 0 0 280
51 1-3-1-2-5-5-3 | 100 0 0 480 320
6 | 1-5-1-2-5-3-3 | 100 0 0 960 320
71 2-3-5-5-1-3-1 | 100 0 0 0 280
8 | 3-3-2-5-1-5-1 | 100 0 0 960 | 320
91 3-3-2-1-1-5-5 | 100 0 0 0 280
10| 3-3-5-1-1-2-5 | 100 0 0 0 280

**The It xquences of the simulation are those used by Yang.
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Model 2 Application:

As in the case of model 1, three simulations were conducted to validate the heuristic of
model 2. Each of the three simulations consists of ten ditferent random sequences of”
boxes. The sequences contain larger quantities of boxes so as to cover the demand ot the
box types and show how boxes with zero demand are moved permanently to the WIP.
The results of the three simulations are tabulated in their respective tables showing the
number of times each of the two stability rules was applied during each sequence.
Table 5.12 contains the demand of each box type for the first simulation. 'The demands
having equal probabilities are randomly generated while considering the maximum pallet
volume.

Table S.12: Box Demand Requircments (Simulation 1, Model 2)
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Table 5.13: Simulation 1: Performance criteria Output (Vodel 2)

Stability T| WP | Max
Sequence Demand| VPU | N | Remaing | WIP | RPT
# Rule] Rule| Satisfacn| (%) | S| Cinch’) | (inch?)| (s)
Ll 2] (%) v
1 |4-5-7-6-4-2-86-5-| 1 | 0| 100 [91.25]7| 636 | 69 | 1000
1-3-7-8-2-5-1-5-3-5
6-7-4-5-8-2-8-8-4-6-
2 |4-14-3-5-14-53-4-] 0 [ O | 96.5 |84.84|7| 1671 | 1671 | 960
2-5-1-1
3-2-6-5-4-2-74-3-7-
3|2-1-5-3-6-2-63-2-3-| 4 | 0| 98.25 | 87.5|9]| 60 | 360 |1120
1-2-2
5-8-1-6-7-3-1-5-6-8-
4|7-3-24-6-8-272-3-| 2 | 0| 92.59 [87.89|7| 2043 | 2043 | 1320
7-3-5-1-4-2-2-1
516-2-8-4-6-4-7-3-1-3-{ 1 { 0 | 90.77 | 76.8 | 8| 840 840 | 920
6-4-1-2-3-1-2-5-2
8-54-5-6-5-7-5-6-7-
6 | 3-2-24-8-6-3-1-5-3-| 2 | 0 | 93.15 | 85.0 [6| 1356 | 1356| 960
1
8-8-74-6-4-4-1-2-5-
712-28-2-3-267-8-3-| 1 | 0| 100 [87.19{8| 1572 | 1572| 960
1-5-1
4-5-7-2-4-2-1-7-8-7-
8 [ 2-2-1-3-3-6-5-1-3-7-| 3 | 0| 100 [96.09{1| 936 | 1431|1160
2-7-7-2-1-5
7-2-2-1-8-5-8-6-1-2-
9| 6-3-34-3-6-8-3-3-1-| 4 | 0| 89.1 [81.72|6} 1371 | 1551|1000
4-3
4-3-7-7-7-2-1-6-2-4-
10} 1-8-1-2-4-4-6-3-5-2-1 4 | 0 | 89.74 |82.03[7| 1551 | 1551|1240
3-2-1-3-2-5-6
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Table S.14:  Simulation 2: Performance criteria Output (Model 2)

Stability WIP | Ma,
qu Sequence TSR \(loljol)J TNSV | Reman &m lti’)]
1| 7-2-2-1-514 1 0o | 1wo| o 720 | 1200 | 400
2 2-2-4-7-1-3-1 0 0 100 0 720 720 320
3 2-1-6—4-5-2-1-4 1 0 100 0 720 1680 400
4 1-2-1-1-3-442 1 0 100 v i440 1440 320
5 1-4-4-1-3-6-2-2 0 0 100 0 720 720 320
6 1-1-4-2-7-24-1 0 1 100 0 1200 120 400
7 4-1-3-5-14-2-2 0 ] 160 0 960 1920 400
8 4-6-6-2-2-1-+1 0 0 100 0 480 1440 360
9 7-2-1-1-4-4-1-2 ! 0 100 0 1200 1200 360
10 4-1-6-7-1-2-2+4 | | 100 0 480 1440 400
Table 5.15:  Simulation 3: Performeauxe criteria Output (Model 2)

Seq Sequence abilty VPU | TNSV mwmi.f;'g I\\;\‘/lm[\’ RPT
4 Rule t | Ruk-2 | (o) oneh) | anetty | (s)
1 |1-2-3-2-3-75-1-5| 1 1 100 0 1200 | 2160 | 440
2 |55-5-3-3-2-1-1-1} 1| 0 100 0 480 | 1440 | 360
3 {5-3-5-1-3-6-1-2-3| 2 0 100 0 720 | 1680 | 440
4 |4-5-5-1-3-3-1-2-6| 1 0 100 0 720 720 | 360
5 | 1-5-3-1-24-5-5-3| 2 0 100 0 960 960 | 400
6 |1-5-1-2-5-5-3-3-3| 2 0 100 0 480 960 | 360
7 |2-34-5-5-14-3-1| 1 0 100 0 960 960 | 360
8 |7-3-3-2-7-5-1-5-11 0 ] 100 0 480 | 1440 440
9 |3-3-3-2-1-1-1-5-5} 1 0 100 0 1440 | 1440 | 400
10 | 3-7-3-5-1-4-1-2-51 2 0 100 0 720 720 | 360
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CHAPTER 6.0 ANALYSIS OF RESULTS

This chapter comprises two main parts: the first part discusses and compares the results
of the two proposed models. The second part of the chapter compares the two models

with models of the literature.

6.1 The Results of the 2 Models

The three simulations of the proposed model 1 show that model 1 can achieve near
optimal solutions to the 3D palletization problems. They show the effect of random box
arrival on the palletization performance. More specifically on the four main performance
criteria; VPU, WIP, RPT, and pallet stability. None of the ten sequences of simulation
| produced 100% VPU. Table 5.9 shows that the VPU ranges from §7.19%o to 96.06%.
This is due to using box dimensions (table 5.1) with whichi it is very unlikely to obitain
a 100% perfect cube. Figures 6.1 and 6.2 are graphical representations of the data found
in table 5.8 which tabulates the change in all the decision making as well as the
performance indices when the first box sequence of the simulation was rur step by step

in the case study.
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Because 100% VPU is not achieved. some empty spaces remain here and there on the
pallet. The TNSV fluctuates up and down as boxes are loaded on the pallet until it settles
at the value of 7. Then all remaining sub volumes are too small for any of the box types.
Regarding the PRVLC, its value starts at a maximum value when the pallet is empty and
as the pallet gets filled, the relative sizes of the remaining sub volumes become smaller

and thus the PRVLC decreases to reach zero at the end of the palletization stage.

Looking at figure 6.2. it is noticed that the TZC behaves oppositely to the PRVLC. It
starts low and increases to its maximum. This is also explained by the fact that the more
empty is the pallet. its sub volumes can accommodate more variety of box types, which

means a lower TZC.

Simulations 2 and 3 both use box dimensions from table 5.2. All the ten sequences of
each of the two simulations obtain 100% VPU. Thus the final TNSV is always 0 as
opposed to values ranging from 1 to 8 sub volumes in the case of simulation 1.
Therefore the change in TNSV depends greatly on the set of box dimensions that is used
in the palletization process. Figures 6.3 and 6.4 show two typical progression of the

TNSV when the two sets of box dimensions are used.
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Figure 6.4 shows how its TNSV starts off at 1, increases then decreases until it reaches
zero when VPU = 100%. On the other hand, figure 6.3 shows that TNSV increases,
fluctuates, and finally remains at a non zero number that is 7.

Although model 1 did not address the issue of pallet load stability, looking at the final
pallet layout of sequence 6 from simulation 3 in figure 6.5, one can see that stability rule
1 was indirectly applied when the box of bigger height was loaded on top of the box with

same base dimensions but with smaller heicht.

Box with bigger height —p»
aver
Box with smaller height —po

Figure 6.5: Naturally implemented Stability (Seq. 6, Sim. 3, Model 1)

Medel 2 was developed to tackle the loading stability problem as well as considering
demand requirements of the boxes that should be loaded on the pallet. When looking at
the results of the 3 simulations of model 2 (tables 5.13, 5.14, and 5.15), the first thing
that grabs one's attention is the higher values of RPT and maximum WIP. The WIP
remaining after the pallet is filled to its maximum is mainly the boxes that arrived at the
system and were not needed. In other words, they are boxes whose demand requirements
were zero at the time of their arrival into the system. The results of simulation 1 show

that stability rule I was implemented in nine of the ten sequences once to four times in
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some sequences. It is not surprising to find out that stability rule 2 was never used in
simulation 1. This is because none of the box dimensions in the set used in the
simulation match with each other to enable the formation of blocks. On the other hand,
the set of harmonious box dimensions enabled simulations 2 and 3 to used the full
strength of both stability rules. However, stability rule 1 was implemented more often
than rule 2. This is because in order to implement rule 1. only two boxes are required
wheieas rule 2 needs three boxes to construct a block. Furthermore, rule 2 can only be
applied whenever there is at least one box i the WIP as there can be a maximum of two

boxes on the conveyor, Boxcl and Boxc2.

The demand requirements of only three out of the ten sequences of simulation | were
fully satisfied while the box demands of the remaining seven sequences were satistied in
the range of 89.1% to 98.25%. There are two possible causes for such resuits. The first
possibility is unavoidable. It is the random arrival of the boxes. Since the {oading
decision is based ~n Boxcl, Boxc2, and the boxes in the WIP only, and boxes enter the
system in random order, the only way to deal with the unknown future is to use the little
knowledge about the past and the present in making the decision as much effective as
possible. This is the basic idea behind the decision making indices and priority levels
discussed in previous chapters. The second possible cause of unsaiisfied box demands
is the application of the stability rules which may have side effects of limiting the
partitioning of the empty space as a result of loading blocks onto the pallet. 'The problem

of unfulfilled box demands does not appear in simulations 2 and 3 as all of their
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sequences achieve 100% demand satisfaction. Again, it is a result of using box sizes that
have higher flexibility to load on the pallet.

To visualize the effect of implementing the stability rules in model 2, the pallet load
layout of sequence 6, of simulation 3 in figure 6.6 can be compared with its

corresponding layout from model 1 in figure 6.5 above.

Figure 6.6: Implementation of Stability Rules (Seq. 6, Sim. 3, Model 2)

To show how the application of the stability rules affect the performance of the
palletization process, the results of sequence #3 from simulation 1 of the two models are
compared in table 6.1. The quantity of each box type in the pallet load resulting from
model 1 is taken as the demand requirements for these boxes in mod.l 2. The sequence

is as follows:

3-2-6-5-4-2-7-4-3-7-2-1-5-3-6-2-6-3-2-3-1-2-2

115




Table 6.1: Effect of Stability implementation on Palletization Performance

Demand ~
Rule | Rule | Satisfac'n | (%) | TNSV | Remain'g WwIpP (s)
(%)

100
98.25

It is worth mentioning that the 89.03% VPU is the maximum utilization of the pallet in
the case of model 1 and that the remaining 4 sub volumes can no longer accommodate
any of the available 8 types of boxes used in the simulation. The results of’ model 2
found that the box type whose demand was not fully satistied is type 2. Thus the VPU
is reduced to 87.5%. Since there were no change in the box order coming into the
system, the reduction in VPU must be because stability rule 1 was successtully
implemented 4 times in model 2. TNSV increased from 4 to 9 sub volumes. However,
when the dimensions of the 9 sub volumes of model 2 are carefully looked at. it is found
that they can accommodate 2 more boxes of type 1 and 1 more box of type 3. Thus in
terms of demand requirements, stabilitv application did not allow full satisfaction of
demand of box type 2. However, it allows a potential increase in VPU to a value of

91.41% with a reduction in TNSV from 9 to a value of 6.
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6.2 Comparing Results with the Literature

This part of the chapter compares the results of the proposed models with those of
previous works found in the literature. Since all literature found on 3D palletization
heuristics solve the basic palletization problem without considering box demand
requirements or stability of pallet loads, only the results of model 1 are compared with
the literature. Furthermore. the comparison is narrowed to the second and third
simulations of model 1 because they have considered the set of box sizes of table 5.2
composed of geometrically harmonious box dimensions as opposed to the set of box
dimensions used in simulation 1. Comparison is made between the results of simulations
2 and 3 of model I and those of Yang and Arghavani since their contributions are the
closest among literature to the research at hand. The indices that are used for comparison
are the volumetric pallet utilization, VPU, the work-in-process, WIP, and the robotic
palletization time, RPT.

Arghavani developed his model to deal with the random pattern of incoming boxes of the
different dimensions shown previously in table 5.2. Arghavani uses the column stacking
procedure to load the boxes on the pallet. The stacking procedure in his model is based
on loading boxes onto one column at a time and the next column stack starts loading only
when the previous one is completely filled. The different aspects of the comparison
between Arghavani's column stacked palletization results and the interlocking stacked
loads of model 1 are shown in Table 6.2. The random sequences used by Arghavani are
composed of two boxes of type 1, two boxes of type 2, and two boxes of type 4. This
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combination of box types and quantities was selected by Arghavani because it provides

100% pallet utilization.

Table 6.2: Comparison of Performance criteria Outputs with Literature
(Sim. 2, Model 1)

# Sequence RPT (s) Max. WIP Area VPU

1 2-2-14-14 280 < [280] 480 < [480] 100% = 100%
2 2-2-4-4-1-1 240 < [240] 0 < [0] 100% = 100%
3 2-14-2-14 280 < [320] 480 < [1440] 100% = 100%
4 1-2-1-4-4-2 240 < [240] 0 < [0] 100% = 100%
5 1-4-4-1-2-2 240 < [240] 0 < [0] 100% = 100%
6 1-4-2-2-4-1 280 < [320] 480 < [1920] 100% = 100%%
7| 41-14-2-2 280 < [320] 480 < [960] 100% = 160%
8 4-2-2-1-4-1 280 < [440] 480 < [2400] 100% = 100%
9 2-1-4-4-1-2 240 < [320] 0 < [960] 100% = 100%
10 | 4-1-1-2-24 240 < [400] 0 < [1440] 100% = 100%

The results in the square brackets | ] are obtained bv Arghavan.

Both, the results of Arghavani's mode!l and model 1 show 100% volumetric pallet
utilization. However, the results of model 1 concerning both the WIP and the RPT are
far better than those of Arghavani. Five out of the ten sequences did not use the WIP at
all thus resulting in the minimum possible value of the RPT which is the number of trips
from the conveyor to the pallet. While the first two sequence show no difference in
performance. the WIP of sequence 3 is reduced by 200% of Arghavani's WIP. ‘The most

achieving sequence is #10 where the maximum WIP used is completely climinated and
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66.67% of the RPT is saved. This is clearly seen in table 6.3. where the simulated robot

movement frequency and robotic palletization time are summarized.

Table 6.3: Comparison of Robot Movement Frequency with Literature
(Sim. 2, Model 1)

Seqq# | Cw P |C o WIP|WIP & P|P w WIP| Time(s) "
1 5 [5] 1 [1] 1 [1] 0 [0] 1280 < [280]
2 6 [6] 0 [0] 0 [0] 0 [0] [240 < [240]
3 5 [4] 1 [2] 1 [2] 0 [0] [280 < [320]
i| 4 6 [6] 0 [0] 0 [0] 0 [0] [240 < [240]]
" 5 6 [6] 0 [0] 0 [0] 0 [0] [240 < [240]
6 5 [4] 1 [2] 1 2] 0 [0] [280 < [320]
" 7 5 [4] 1 [2] 1 [2] 0 [0] [280 < [320]
|| 8 5 [3] 1 [3] 1 [4] 0 [1] [280 < [440]
9 6 [4] 0 [2] 0 [2] 0 [0] [240 < [320]
L 10 6 [4] 0 [2 0 [3] 0 [1] 240 < [400]

e results in the square brackets | | are obtained by Arghavani.

The table contains the number of times the robot loaded boxes on the pallet straight from
the conveyor denoted by (C == P), the frequency of the robot going to the WIP with a box
from the conveyor (C = WIP). Also tabulated is the frequency of the robot picking boxes
from the WIP and loading them on the pallet, (WIP s P). The column before last
contains the number of times it was decided to unload boxes from the pallet to the WIP
(P == WIP). This later column reveals that it was twice needed to unloaded a box from

Arghavani's pallet whereas this resort was never sought by model 1. Moreover, the table
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shows that the number of times boxes were brought and taken from the WIP lies in the
range of 0 to 4 (two way trips) in Arghavani's 10 sequences while it is only between 0
and | in the case of model 1. It is not surprising that interlocked stacking achieves better
and faster solutions than column stacking palletization since it offers greater flexibility
in loading boxes at more locations on the pallet. Thus minimizing WIP utilization as well

as the robotic palletization time.

Simulation 3 enables not only the comparison between the interlocked stacking and the
column stacking approach, but also includes the results of the layer by layer palletization
procedure developed by Yang. The ten sequences of simulation 3 were once used by
Yang, then Arghavani to validate their models. They are composed of boxes from the
same set of box dimensions used in simulation 2 proposed also by Yang, (table 5.2). Each
sequence is made of two boxes of type 1, one box of type 2, two boxes of type 3 as well
as of type 5. The results of the simulation are presented in table 6.4 below along with
the results of Arghavani and Yang. Again, the VPU is always 100% except for two of
Yang's sequences. The table shows how column stacking produces improved results over
the layered palletization approach. In turn, the interlocked stacking of boxes reveals to

be the most achieving in reducing the RPT as well as the usage of the WIP.
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(Sim. 3, Model 1)

Table 6.4: Comparison of Performance criteria Outputs with Literature

FH*

Sequence

RPT(s)

Max. WIP Area

VPU

—

1-3-2-3-5-1-5

360 < [360] < (440)

480 < [960] < (2400)

100% = 100% =100%

5-5-3-3-2-1-1

280 < [280] < (360)

0 <[ 0] < (1440)

100% = 100% =100%

5-5-1-3-1-2-3

320 < [360] < (400)

480 < [1920] < (2400)

100% =100% =100%

5-5-1-3-3-1-2

280 < [280] < (400)

0<[0]<(1920)

100% = 100% > 75%

1-3-1-2-5-5-3

320 < [320] < (400)

480 < [480] < (1920)

100% = 100% =100%

——

1-5-1-2-5-3-3

320 < [360] <(360)

960 < [1920] < (1920)

100% = 100% =100%

2-3-5-5-1-3-1

280 < [440] > (400)

0 < [1440] < (1920)

100% = 100% =100%

3-3-2-5-1-5-1

320 < [320] < (440)

360 > [480] < (1920)

100% = 100% =100%

KO o] N &N vl B Wl N

3-3-2-1-1-5-5

280 < [280] < (400)

0<[0]<(1920)

100% = 100% =100%

K

3-3-5-1-1-2-5

280 < [440] > (400)

0 < [1920] < (1920)

100% = 100% > 75%

e results in the square brackets [ | are obtained by Arghavani for column stacking.
The results in the parentheses ( ) are obtained by Yang for layer palletization.

Table 6.5 contains the compared frequency of motions of the robot to and from the

various stations of the system. Unlike Arghavani, and similar to model 1, Yang's model

seems not using the unloading of boxes from the pallet. The reason is because it has side

eftects of increasing the RPT as well as the WIP usage.
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Table 6.5: Comparison of Robot Movement Frequency with Literature
(Sim. 3, Model 1)

Seq# | C= P |C = WIP| WP w P|P w WIP| Time ()
1 5B G | 22 @ | 2@ | 010 0 | 360 [360] (&40)
> 71 G100 @ | 000 @ | 010 © | 280 [280] (360)
3 61 @ | 123 | LR 3 | 010 © | 320[360] 200y
2 703 | 0l @ | 000 G | 010 (0 | 280 [280] (@00)
5 61603 | L@ | 111G | 000 © | 320320 @00)
5 1 6B | TR 120 | 00 © | 320360 G60)
7 1 7061 @ | 01 G | 0B G) | 011 (0 | 280 [440] (400)
S | 60613 | 1@ L@ | 000 © | 320320 (a0)
5 1 7@ | 00 3 | 00 3 | 00 (0) | 280 [280] @00)
0 1 756 | 021 @ | 0B G | 01011 (0 | 280 [440] (400)

The results n the square brackets [ | are obtained by Arghavani.
The results in the parentheses ( ) are obtained by Yang.
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CHAPTER 7.0 CONCLUSIONS AND RECOMMENDATIONS

This study provides insight into three-dimensional palletization problems. Two heuristic
models are developed to find near optimum solutions to the general palletization problem
where boxes of different sizes and quantities arrive at the pallet loading workstation in
random order. The research's main feature is the method by which the heuristics load the
boxes on to the pallet. Interlocked stacking is a new palletization technique. It is a mix
of the layered and the column stacked palletization procedures. This new approach
proved t¢ be far more eflicient than the two conventional ones since it offers higher
flexibility to load more box types at more locations on the patlet. It also achieves the

inter-locking of the boxes on the pallet thus indirectly increasing the pallet load stability.

In trying to achieve maximum volumetric pallet utilization (VPU), minimum WIP surface
coverage, and minimum robotic palletization time(RPT), Model 1 introduced new decision
making indices. These indices are part of the decision making mind of the heuristic.
Model 2 developed two practical stability rules that improved the overall stability of the
pallet load when they were applied to blocks made of two or three boxes available on the
conveyor and the WIP. Besides designing for stability, model 2 also considered box
demand requirements. Two sets of box dimensions were used to test the models. The
first set is based on actual dimensions of boxes used in the day to day activities. The
second set of box sizes is taken from the literature. This later set is composed of boxes
with proportional dimensions among each other so a to increase the probability of
achieving good solutions. Three simulations, each comprising of 10 different box
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sequences, were conducted to test the two heuristics. It is no surprising to find out that
the results of the model using the first set of box dimensions, do not produce 100%% VPU.
In fact, it was known before hand that VPU=100% was not possible due to the boxes' non
harmonious dimensions. It was found that when there was a demand for boxes belonging
to the first set of box sizes, building more stable pallet loads would often interfere with
satisfying the box demands. In the other hand. when the demand was for boxes belonging
to the second set of box dimensions (that of the literature), 100% demand satistaction was

always achieved besides having much more stable loads.

As interlocked stacking was the loading procedure used in the rescarch, the results of the
second simulation of model | were compared to Arghavani's column stacking results.
Furthermore, the results of the third simulation of model 1 were compared with Yang's
layer palletization results as well as those of Arghavani. The comparison shows that the
interlocked stacking achieves higher or equal VPU and greatly reduces the WIP usage and
the RPT. Even though the pallet load stability is extensively explored in model 2, the

results of model 1 share some of its glory.

This work has only opened new doors to palletization research. Especially to solve
practical problems that often use the heuristic approach. The inspiration from real-life
palletization scenarios whether in warehousing or transportation, can only bring more
ideas that need to be pursued and developed to improve and go beyond what has already
been achieved.
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Future study may include the following:

I- Physically implement the proposed models.

2- Improve and generalize the current models for more robust industrial
applications.

3- Study extensively the newly established performance measures and indices.
4- Develop empirical and analytical relationships between the various palletization
parameters.

5- Incorporate CAD simulations to existing or new models. This will have a great
impact on the visualization part of the research as well as enhance new design

concepts.
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APPENDIX A

Sample Output File of Model 1 Program
Sequence 1 of Simulation 1.
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SEQUENCE #1

newbox =4
newbox =5
Now boxcl =4
Now boxc2 =5
There is no boxes in the WIP.
The box, 4 fits in sub volume |
the box orientation is I/L and w/W
PRVLC spat 2> PRVLC _spat |, no need for zerocount
subvolume = |
PRVLC =244
zerocount = 8
zero_ TCBT =0
zero_TCBT _min =8
PRVLC max =0
boxcl is of type 4
subvolume_boxc i
orientation_boxcl
TNSV _boxcl =3
case_boxcl =4
PRVLC boxel = 244
zerocount_boxcl = 8
The box, 5 fits in sub volume 1
the box orientation is I/1. and w/W
PRVLC _spat 2 > PRVLC_spat 1, no need for zerocount
subvolume = |
PRVLC = 247
zerocount = 6
zero TCBT =0
zero TCBT min =8
PRVLC _max =0
boxe2 is of type 5
subvolume_boxc2
orientation_boxc2
TNSV_boxc2 =3
case_boxc2 =4
PRVLC boxc2 = 247
zerocount_boxc2 = 6
boxcl of type 4 is gone to pallet
PALLETIZATION UPDATE REPORT

=1
=13

1
13

PALLET STATUS
Volumetric Pallet Utilization, VPU = 7.03%
Number of Boxes on the Pallet: |
1) Box Type 4
Position Vector, (LLW,H)=0, 0, 0
Orientation: /L and w//W
Number of Empty Sub Volumes on the Pallet: 3

Sub Volume #1
Dimensions:
Length = 48
Width = 30
Height = 40
Position Vector:
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Length =0
Width = 10
Height =0
Sub Volume #2
Dimensions:
Length = 30
Width = 10
Height = 40
Position Vector:
Length = 18
Width =0
Height =0
Sub Volume #3
Dimensions:
Length = 18
Width = 10
Height = 10
Position Vector:
Length =0
Width =0
Height = 30

WIP STATUS

Actual WIP surface area = 0 inches”2
CONVEYOR STATUS
TOTAL PALLETIZATION TIME = 40 seconds.

newbox = 7

Now boxcl =5

Now boxc2 =7

There is no boxes in the WIP.

The box, 5 fits in sub volume |

the box orientation is 1//W and w//L.
PRVLC spat | =PRVLC spat2 = 186
Zerocount 1 <= zerocount 2
subvolume = |

PRVLC = 224

zerocount = 10

zero TCBT =0

zero TCBT min =8

PRVLC max =0

The box, 5 fits in sub volume 2

the box orientation is I//L and w/W
PRVLC_spat | =PRVLC spat 2 = 24
zerocount 1 <= zerocount 2
subvolume =2

PRVLC =233

Zerocount = §

zero TCBT =0

zero_ TCBT_min =0

PRVLC_max =224

‘The box, 5 does not fit in sub voiume 3
boxcl is of type 5
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subvolume_boxcl = 2
orientation_boxcl = 13
TNSV _boxcl =3
case_boxcl =2
PRVLC boxcl =233
zerocount_boxcl = 8
The box, 7 fits in sub volume 1
the box orientation is I/W and w/L
PRVLC spat 2 > PRVLC_spat |, no need for zerocount
subvolume = |
PRVLC = 187
zerocount = 18
zero_ TCBT =0
zero_TCBT_min =8
PRVLC max =0
The box, 7 does not fit in sub volume 2
The box, 7 does net fit in sub volume 3
boxc2 is of type 7
subvolume_boxc2 = 1
orientation_boxc2 = 23
TNSV_boxc2 =5
case_boxc2 =4
PRVLC boxc2 = 187
zerocount_boxc2 = 18
boxc] of type S is gone to pallet
PALLETIZATION UPDATE REPORT

PALLET STATUS
Volumetric Pallet Utilization, VPU = 10.94%
Number of Boxes on the Pallet: 2
1) Box Type 4
Position Vector, (LW,H) =0, 0,0
Orientation: I//L. and w/W
2) Box Type 5
Position Vector, (LLW,H) = 18,0,0
Orientation: I//L and w/W
Number of Empty Sub Volumes on the Pallet: 3

Sub Volume #i
Dimensions:
Length = 48
Width = 30
Height = 40
Position Vector:
Length=0
Width = 10
Height =0
Sub Volume #2
Dimensions:
Length= 18
Width= 10
Height = 10
Position Vector:
Length=0
Width=0
Height = 30
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Sub Volume #3
Dimensions:
Length = 30
Width = 10
Height = 30
Position Vector:
Length = 18
Width=0
Height = 10

WIP STATUS

Actual WIP surface area =0 inches™2
CONVEYOR STATUS
TOTAL PALLETIZATION TIME = 80 seconds.

newbox =2
Now boxcl =7
Now boxc2 =2
There is no boxes in the WIP.
‘The box, 7 fits in sub volume 1
the box orientation is 1//W and w/L
PRVLC spat 2 > PRVLC _spat 1, no need for zerocount
subvolume = 1
PRVLC = 176
zerocount = 18
zero TCBT =0
zero_TCBT min = 8
PRVLC max =0
The box, 7 does not fit in sub volume 2
The box, 7 does not fit in sub volume 3
boxc1 is of type 7
subvolume_boxcl =1
orientation_boxcl =23
TNSV_boxcl =5
case_boxcl =4
PRVLC boxcl = 176
zerocount_boxcl = 18
The box, 2 fits in sub volume 1
the box orientation is /L and w/W
PRVLC spat 1 > PRVLC spat 2, no need for zerocount
subvolume = 1
PRVLC = 227
zerocount = 18
zero_TCBT =0
zevo_TCBT _min = 8
PRVLC max =0
The box, 2 does not fit in sub volume 2
The box, 2 fits in sub volume 3
the box orientation is I/L and w/W
PRVLC spat 1 > PRVLC_spat 2, no need for zerocount
subvolume = 3
PRVLC =226
zerocount = 23
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zero_TCBT =0
zero TCBT _min=0
PRVLC_max = 227
boxc2 is of type 2
subvolume_boxc2 = |
orientation_boxc2 = 13
TNSV _boxc2 =5
case_boxc2 =4
PRVLC boxc2 = 227
zerocount_boxc2 = 18
boxc! of type 7 is gone to pallet
PALLETIZATION UPDATE REPORT

PALLET STATUS
Volumetric Pallet Utilization, VPU = 20.7%
Number of Boxes on the Pallet: 3
1) Box Type 4
Position Vector, (LLW,H)=0,0, 0
Orientation: /L and w/W
2) Box Type 5
Position Vector, (L,W,H) = 18, 0, 0
Orientation: /L and w/W
3) Box Type 7
Position Vector, (L,W,H) =0, 10, 0
Orientation: I//W and w//L
Number of Empty Sub Volumes on the Pallet: 5

Sub Volume #1
Dimensions:
Length = 18
Width = 10
Height = 10
Position Vector:
Length =0
Width =0
Height = 30
Sub Volume #2
Dimensions:
Length = 30
Width = 10
Height =30
Position Vector:
Length = 18
Width =0
Height = 10
Sub Volume #3
Dimensions:;
Length = 48
Width =5
Height = 40
Position Vector:
Length =0
Width = 35
Height =0
Sub Volume #4
Dimensions:
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Length = 33
Width = 25
Height = 40
Position Vector:
Length =15
Width = 10
Height =0
Sub Volume #5
Dimensions:
Length = 15
Width = 25
Height = 20
Position Vector:
Length=0
Width = 10
Height =20

WIP STATUS

Actual WIP surface area =0 inches"2
CONVEYOR STATUS
TOTAL PALLETIZATION TIME = 120 seconds.

newbox = 6

Now boxcl =2

Now boxc2 =6

There is no boxes in the WIP,

The box, 2 does not fit in sub volume 1
The box, 2 fits in sub volume 2

the box orientation is I//L and wi/W
PRVLC spat 1 >PRVLC spat 2, no need for zerocount
subvolume = 2

PRVLC = 169

zerocount = 33

zero TCBT =0

zero_TCBT _min =8

PRVLC max =0

The box, 2 fits in sub volume 3

the box orientation is I//L. and w/W
PRVLC spat 1 =PRVLC spat2=21
zerocount | <= zerocount 2
subvolume = 3

PRVLC =173

zerocount = 24

zero TCBT =0

zero_TCBT min =0

PRVLC_max = 169

The box, 2 fits in sub volume 4

the box orientation is I//W and w/L
PRVLC spat 2 > PRVLC _spat 1, no need for zerocount
subvolume = 4

PRVLC = 157

zerocount = 30

zero_TCBT = 1
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zero_TCBT_min =0
PRVLC max =173
The box, 2 fits in sub volume §
the box orientation is /W and w/L
PRVLC spat 1 > PRVLC spat 2, no need for zerocount
subvolume = 5
PRVLC = 172
zerocount = 25
zero TCBT = 0
zero_TCBT_min =0
PRVLC_max = 173
boxcl is of type 2
subvolume boxc] =3
orientation_boxcl = 13
TNSV _boxcl =6
case_boxcl =3
PRVLC boxcl =173
zerocount_boxcl = 24
The box, 6 does not fit in sub volume |
The box, 6 fits in sub volume 2
the box orientation is I//L. and w/W
PRVLC spat 1 = PRVLC spat2 =6
zerocount | <= zerocount 2
subvolume =2
PRVLC = 160
zerocount = 15
zero_TCBT =0
zero_TCBT min =8
PRVIC max =0
The box, 6 does not fit in sub volume 3
The box, 6 fits in sub volume 4
the box orientation is I//L and w/W
PRVLC spat 1 = PRVLC spat 2 = 66
zerocount 1 <= zerocount 2
subvolume = 4
PRVLC = 138
zerocount = 20
zero TCBT = 1
zero_TCBT min =0
PRVLC_max = 160
The box, 6 does not fit in sub volume 5
boxc2 is of type 6
subvolume_boxc2 = 2
orientation_boxc2 = 13
TNSV_boxc2 = 4
case_boxc2 =1
PRVLC_boxc2 = 160
zerocount_boxc2 = 15
boxc! of type 2 is gone to WIP
PALLETIZATION UPDATE REPORT

PALLET STATUS
Volumetric Pallet Utilization, VPU = 20.7%
Number of Boxes on the Pallet: 3
1) Box Type 4
Position Vector, (LLW,H)=0,0, 0
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Orientation: I//L and w//W

2) Box Type §

Position Vector. (LLWH) = 18,0, 0
Orientation: 1//L and w/W

3) Box Type 7

Position Vector, (LLW,H) =0, 10, 0
Orientation: /W and w//L
Number of Empty Sub Volumes on the Pallet: 5

Sub Volume #1
Dimensions:
Length = 18
Width = 10
Height = 10
Position Vector:
Length =0
Width =0
Height = 30
Sub Volume #2
Dimensions:
Length =30
Width = 10
Height = 30
Position Vector:
Length = 18
Width =0
Height = 10
Sub Volume #3
Dimensions:
Length = 48
Width =5
Height = 40
Position Vector:
Length =0
Width = 35
Height =0
Sub Volume #4
Dimensions:
Length =33
Width =25
Height = 40
Position Vector:
Length = 15
Width =10
Hught =0
Sub Volume #5
Dimensions:
Length = 15
Width = 25
Height =20
Position Vector:
Length =0
Width = 10
Height =20

WIP STATUS
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Number of Boxes in the WIP: |

It's type is 2
Actual WIP surface area = 60 inches"2

CONVEYOR STATUS
TOTAL PALLETIZATION TIME = 160 seconds.

newbox =4

Now boxcl =6

Now boxc2 =4

The box, 2 does not fit in sub volume |

The box, 2 fits in sub volume 2

the box orientation is I//L. and w/W

PRVLC spat 1 > PRVLC spat 2, no need for zerocount

subvolume = 2

PRVLC = 169

zerocount = 33

zero TCBT =0

zero_TCBT _min = 8

PRVLC max =0

The box, 2 fits in sub volume 3

the box orientation is I//L and w/W

PRVLC spat | = PRVLC spat 2 =21

zerocount | <= zerocount 2

subvolume = 3

PRVLC =173

zerocount = 24

zero_TCBT =0

zero_TCBT min=0

PRVLC _max = 169

The box, 2 fits in sub volume 4

the box orientation is 1//W and w/L

PRVLC spat 2 > PRVLC_spat |, no need for zerocount

subvolume = 4

PRVLC = 157

zerocount = 30

zero TCBT = |

zero_TCBT _min =0

PRVLC max = 173

The box, 2 fits in sub volume 5

the box orientation is Y//W and w/L.

PRVLC spat { > PRVLC_spat 2, no need for zerocount

subvolume = 5

PRVLC =172

zerocount = 25

zero TCBT =0

zero_TCBT min =0

PRVLC max = 173

bestboxinWIP is of type 2
orientation_bestboxinWIP = 13
subvolume_bestboxinWIP = 3
TNSV_bestboxinWIP = 6
case_bestboxinWIP = 3
PRVLC_bestboxinWIP = 173
zerocount_bestboxinWIP = 24
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The box, 6 does not fit in sub volume 1
The box, 6 fits in sub volume 2
the box orientation is L/L and w/W
PRVLC spat | =PRVLC spat 2 =6
zerocount | <= zerocount 2
subvolume =2
PRVLC = 160
Zerocount = 15
zero TCBT =0
zero TCBT min =8
PRVLC max =0
The box, 6 does not fit in sub volume 3
The box, 6 fits in sub volume 4
the box orientation is I//L and w/W
PRVLC spat | =PRVLC spat 2 = 66
zerocount | <= zerocount 2
subvolume = 4
PRVLC = 138
zerocount = 30
zero TCBT =1
zero TCBT min=0
PRVLC_max = 160
The box, 6 does not fit in sub volume 5
boxc! is of type 6
subvolume_boxcl =2
orientation_boxcl = 13
TNSV _boxcl =4
case_boxc! = 1
PRVLC boxcl = 160
zerocount_boxcl = 15
The box, 4 does not fit in sub volume 1
The box, 4 fits in sub volume 2
the box orientation is I//L and w/W
PRVLC spat | =PRVLC spat 2 =8
zerocount 1 <= zerocount 2
subvolume = 2
PRVLC = 160
zerocount = 22
zero_TCBT =0
zero TCBT_min = 8
PRVLC max =0
The box, 4 does not fit in sub volume 3
The box, 4 fits in sub volume 4
the box orientation is I//W and w//L

PRVLC spat 1 > PRVLC_spat 2, no need for zerocount

subvolume = 4

PRVLC = 141

zerocount = 32

zero TCBT =0

zero_TCBT min =0

PRVLC max = 160

The box, 4 does not fit in sub volume 5

boxc2 is of type 4
subvolume_boxc2 = 2
orientation_boxc2 = 13
TNSV boxc2 =5
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case_boxc2 = 2
PRVLC boxc2 = 160
zerocount_boxc2 = 22

boxc! of type 6 is gone to pallet

PALLETIZATION UPDATE REPORT

PALLET STATUS

Volumetric Pallet Utilization, VPU = 28.52%
Number of Boxes on the Pallet: 4

1) Box Type 4

Position Vector, (L,LW,H) =0, 0, 0
Orientation: /L ard w//W

2) Box Type 5

Position Vector, (L,W,H) =18, 0, 0
Orientation: I//L. and w//W

3)Box Type 7

Position Vector, (L,W,H) =0, 10, 0
Orientation: I//W and w//L

4) Box Type 6

Position Vector, (L,W,H) = 18, 0, 10
Orientation: I/L and w//W

Number of Empty Sub Volumes on the Pallet: 4

Sub Volume #}
Dimensions:
Length = 48
Width = 10
Height = 10
Position Vector;
Length=0
Width =0
Height = 30
Sub Volume #2
Dimensions:
Length = 48
Width =5
Height = 40
Position Vector:
Length=0
Width = 35
Height =0
Sub Volume #3
Dimensions:
Length =33
Width = 25
Height = 40
Position Vector:
Length = 15
Width = 10
Height =0
Sub Volume #4
Dimensions:
Length = 15
Width = 25
Height = 20
Position Vector:
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Length = 0
Width = 10
Height = 20

WIP STATUS
Number of Boxes in the WIP: |
It's type is 2
Actual WIP surface area =60 inches™2

CONVEYOR STATUS
TOTAL PALLETIZATION TIME = 200 seconds.

newbox =2

Now boxcl =4

Now boxc2 =2

The box, 2 does not fit in sub volume |

The box, 2 fits in sub volume 2

the box orientation is /L and w/W

PRVLC spat 1 =P PRVLC spat 2 =21

zerocount 1 <= zerocount 2

subvolume = 2

PRVLC = 157

zerocount = 21

zero TCBT =0

zero_ TCBT min = 8

PRVLC max =0

The box, 2 fits in sub volume 3

the box orientation is /W and w/L

PRVLC spat 2 > PRVLC_spat 1, no need for zerocount

subvolume = 3

PRVLC = 141

zerocount = 27

zero TCBT =1

zero TCBT min =0

PRVLC max = 157

The box, 2 fits in sub volume 4

the box orientation is /W and w//L

PRVLC spat 1 > PRVLC_spat 2, no need for zerocount

subvolume = 4

PRVLC = 156

zerocount = 22

zero TCBT =0

zero TCBT min =0

PRVLC max = 157

bestboxinWIP is of type 2
orientation_bestboxinWIP = 13
subvolume_bestboxinWIP = 2
TNSV_bestboxinWIP = §
case_bestboxinWIP = 3
PRVLC_bestboxinWIP = 157
zerocount_bestboxinWIP = 21

The box, 4 does not fit in sub volume |

The box, 4 does not fit in sub volume 2

The box, 4 fits in sub volume 3

the box orientation is V/W and w/L.
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PRVLC spat | > PRVLC_spat 2, no need for zerocount

subvolurne = 3

PRVLC = 125

zerocount = 29

zzro_TCBT =0

zero_TCBT _min = 8

PRVLC max =0

The box, 4 does not fit in sub volume 4

boxcl is of type 4
subvolume_boxc! =
orientation_boxcl =
TNSV_boxcl =6
case_boxcl =4
PRVLC boxcl = 125
zerocount_boxcl =29

best box in WIP, type 2 is gone to pallet

PALLETIZATION UPDATE REPORT

3
23

PALLET STATUS
Volumetric Pallet Utilization, VPU = 30.08%
Number of Boxes on the Pallet: 5
1) Box Type 4
Position Vector, (LLW,H)=0, 0, 0
Orientation: /L and w/W
2) Box Type 5
Position Vector, (L,W,H) = 18, 0,0
Orientation: /L and w/W
3) Box Type 7
Position Vector, (L,W,H) =0, 10, 0
Orientation: I//W and w//L
4) Box Type 6
Pasition Vector, (L, W,H) = 18, 0, 10
Orientation: /L and w/W
5) Box Type 2
Position Vector, (L,W,H) =0, 35,0
Orientation: I//L and w/W
Number of Emnpty Sub Volumes on the Pallet; 5

Sub Volume #1
Dimensions:
Length = 48
Width = 10
Height = 10
Position Vector:
Length =0
Width =0
Height = 30
Sub Volume #2
Dimensions:
Length = 33
Width = 25
Height =40
Position Vector:
Length = 15
Width = 10
Height = 0
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Sub Volume #3
Dimensions:
Length = 15
Width = 25
Height =20
Position Vector:
Length=0
Width = 10
Height = 20
Sub Volume #4
Dimensions:
Length = 36
Width =5
Height = 40
Position Vector:
Length = 12
Width = 35
Height =0
Sub Volume #5
Dimensions:
Length = 12
Width =5
Height = 20
Position Vector:
Length=0
Width = 35
Height = 20

WIP STATUS

Actual WIP surface area =0 inches"2
CONVEYOR STATUS
TOTAL PALLETIZATION TIME = 240 seconds.

There is no boxes in the WIP.
The box, 4 does not fit in sub volume 1
The box, 4 fits in sub volume 2
the box orientation is /W and w/L
PRVLC spat 1 > PRVLC_spat 2, no need for zerocount
subvolume = 2
PRVLC = 117
zerocount = 37
zero_TCBT = |
zero_TCBT _min =8
PRVLC max =0
The box, 4 does not fit in sub volume 3
The box, 4 does not fit in sub volume 4
The box, 4 does not fit in sub volume 5
boxcl is of type 4
subvolume_boxcl =2
orientation_boxcl =23
TNSV_boxcl =7
case_boxcl =4
PRVLC boxcl = 117
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zerocount_boxcl = 37
The box, 2 does not fit in sub volume |
The box, 2 fits in sub volume 2
the box orientation is I//W and w/L.
PRVLC _spat 2 > PRVLC_spat 1, no need for zerocount
subvolume =2
PRVLC = 138
zerocount = 33
zero TCBT = |
zero TCBT min = 8
PRVLC max =0
The box, 2 fits in sub volume 3
the box orientation is I/W and w/L
PRVLC spat 1 > PRVLC_spat 2, no need for zerocount
subvolume = 3
PRVLC = 153
zerocount = 28
zero_ TCBT =0
zero_TCBT _min = |
PRVLC max = 138
The box, 2 fits in sub volume 4
the box orientation is /L and w/W
PRVLC spat 1 =PRVLC spat2 =15
zerocount | <= zerocount 2
subvolume = 4
PRVLC = 154
zerocount = 21
zero TCBT =0
zero_TCBT_min =0
PRVLC_max = 153
The box, 2 fits in sub volume 5
the box orientation is /L and w/W
The sub volume is completely filled
subvolume = 5
PRVLC = 154
Zzerocount = 15
zero TCBT =0
zero_TCBT _min =0
PRVLC_max = 154
boxc2 is of type 2
subvolume_boxc2 = 5
orientation_boxc2 = 13
TNSV_boxc2 =4
case_boxc2 = 1
PRVLC_boxc2 = 154
zerocount_boxc2 = 15
boxcl of type 4 is gone to WIP
PALLETIZATION UPDATE REPORT

PALLET STATUS
Volumetric Pallet Utilization, VPU = 30.08%
Number of Boxes on the Pallet: §
1) Box Type 4
Position Vector, (LLW,H)=0,0,0
Orientation: I//L and w/W
2) Box Type §
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Position Vector, (L.W,H) = 18. 0, 0
Orientation: /L and w/W

3) Box Type 7

Position Vector, (L.W,H) =0, 10, 0
Orientation: //W and w/L

4) Box Type 6

Position Vector, (LLW,H) = 18, 0, 10
Orientation: I/, and w/W

5) Box Type 2

Position Vector, (LLW,H) =0, 35, 0
Orientation: I//L. and w/W
Number of Empty Sub Volumes on the Pallet: 5

Sub Volume #1
Dimensions:
Length = 48
Width = 10
Height = 10
Position Vector:
Length =0
Width=0
Height = 30
Sub Volume #2
Dimensions:
Length =33
Width =25
Height = 40
Position Vector:
Length = 15
Width = 10
Height =0
Sub Volume #3
Dimensions:
Length = 15
Width = 25
Height = 20
Position Vector:
Length=0
Width = 10
Height = 20
Sub Volume #4
Dimensinns:
Length = 36
Width=5
Height = 40
Position Vector:
Length = 12
Width = 35
Height =0
Sub Volume #5
Dimensions:
Length = 12
Width =5
Height = 20
Position Vector:
Length=0
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Width = 35
Height = 20

WIP STATUS
Number of Boxes in the WIP: |
Its type 15 4
Actual WIP surface area = 180 inches™2

CONVEYOR STATUS
TOTAL PALLETIZATION TIME = 280 seconds,

newbox = 8

Now boxcl =2

Now boxc2 = 8

The box, 4 does not fit in sub volume 1

The box, 4 fits in sub volume 2

the box orientation is l//W and w//L

PRVLC spat 1 > PRVLC_spat 2, no need for zerocount

subvolume = 2

PRVLC =117

zerocount = 37

zero_ TCBT = |

zero_TCBT min = 8

PRVLC max = 0

The box, 4 does not fit in sub volume 3

The box, 4 does not fit in sub volume 4

The box, 4 does not fit in sub volume 5

bestboxinWIP is of type 4
orientation_bestboxinWIP = 23
subvolume_bestboxinWIP = 2
TNSV_bestboxinWIP = 7
case_bestboxinWIP = 4
PRVLC _bestboxinWIP = 117
zerocount_bestboxinWIP = 37

The box, 2 does not fit in sub volume 1

The box, 2 fits in sub volume 2

the box orientation is /W and w/L

PRVLC spat 2 > PRVLC_spat 1, no need for zerocount

subvolume =2

PRVLC = 138

zerocount = 33

zero_TCBT =}

zero_TCBT min = 8

PRVLC max =0

The box, 2 fits in sub volume 3

the box orientation is /W and w//L

PRVLC spat 1 > PRVLC spat 2, no need for zerocount

subvolume = 3

PRVLC = 153

zerocount = 28

zero TCBT =0

zero_TCBT min = |

PRVLC_max = 138

The box, 2 fits in sub volume 4

the box orientation is I/L and w/W
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PRVLC spat 1 = PRVLC spat 2 = |5
zerocount | <= zerocount 2
subvolume =4
PRVLC = 154
zerocount = 21
zero TCBT =0
zero TCBT min =0
PRVLC max = 153
The box, 2 fits in sub volume 5
the box orientaticn is L/L and w/W
The sub volume is completely filled
subvolume = 5
PRVLC = 154
zerocount = 15
zero TCBT =0
zero_TCBT _min =0
PRVLC max = 154
boxcl is of type 2
subvolume_boxcl =5
orientation_boxcl = 13
TNSV_boxcl =4
case_boxcl =1
PRVLC boxcl = 154
zerocount_boxcl = 15
The box, 8 does not fit in sub volume 1
The box, 8 fits in sub volume 2
the box orientation is /L and w/W
PRVLC spat | > PRVLC_spat 2, no need for zerocount
subvolume = 2
PRVLC =94
zerocount = 37
zero TCBT =2
zero_TCBT min =8
PRVLC max =0
The box, 8 does not fit in sub v.lume 3
The box, 8 does nct fit in sub volume 4
The box, 8 does not fit in sub volume 5
boxc2 is of type 8
subvolume_boxc2 =2
orientation_boxc2 = 13
TNSV _boxc2 =7
case_boxc2 =4
PRVLC boxc2 = 94
zerocount_boxc2 = 37
boxcl of type 2 is gone to pallet
PALLETIZATION UPDATE REPORT

PALLET STATUS
Volumetric Pallet Utilization, VPU = 31.64%
Number of Boxes on the Pallet: 6
1) Box Type 4
Position Vector, (LLW,H) =0, 0, 0
Orientation: /L. and w/W
2) Box Type 5
Position Vector, (LLW,H) = 18,0, 0
Orientation: /L. and w/W
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3) Box Type 7

Position Vector, (L,W,H) =0, 10, 0
Orientation: I//W and w//L.

4) Box Type 6

Position Vector, (L,W,H) =18, 0, 10
Orientation: /L and w//W

5) Box Type 2

Position Vector, (L,W,H) =0, 35, 0
Orientation: I//L. and w/W

6) Box Type 2

Position Vector, (L,W,H) =0, 35, 20
Orientation: V/L and w/W

Number of Empty Sub Volumes on the Pallet: 4

Sub Volume #1
Dimensions:
Length = 48
Width = 10
Height = 10
Position Vector:
Length=0
Width = 0
Height = 30
Sub Volume #2
Dimensions:
Length =33
Width =25
Height = 40
Positien Vector:
Length = 15
Width = 10
Height =0
Sub Volume #3
Dimensions:
Length = 15
Width = 25
Height =20
Position Vector:
Length=0
Width = 10
Height = 20
Sub Volume #4
Dimensions:
Length = 36
Width =5
Height = 40
Position Vector:
Length = 12
Width = 35
Height = 0

WIP STATUS
Number of Boxes in the WIP: |

It's type is 4

Actual WIP surface area = 180 inches™2
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CONVEYOR STATUS
TOTAL PALLETIZATION TIME = 320 seconds.

newbox =6

Now boxcl = 8

Now boxc2 =6

The box, 4 does not fit in sub volume 1

The box, 4 fits in sub volume 2

the box orientation is I//W and w/L.

PRVLC spat 1 > PRVLC_spat 2, no need for zerocount

subvolume = 2

PRVLC =119

zerocount = 29

zero TCBT =0

zero_TCBT _min =8

PRVLC max =0

The box, 4 does not fit in sub volume 3

The box, 4 does not fit in sub volume 4

bestboxinWIP is of type 4
orientation_bestboxinWIP = 23
subvolume_bestboxinWIP =2
TNSV_bestboxinWIP = 6
case_bestboxinWIP = 4
PRVLC_bestboxinWIP = 119
zerocount_bestboxinWIP = 29

The box, 8 does not fit in sub volume 1|

The box, 8 fits in sub volume 2

the box orientation is I/L and w/W

PRVLC spat 1 > PRVLC_spat 2, no need for zerocount

subvolume = 2

PRVLC =91

zerocount = 29

zero_TCBT = 1

zero_TCBT min =8

PRVLC_max =0

The box, 8 does not fit in sub volume 3

The box, 8 does not fit in sub volume 4

boxcl is of type 8
subvolume_boxcl =2
orientation_boxcl = 13
TNSV_boxcl =6
case_boxcl =4
PRVLC_boxcl =91
zerocount_boxcl =29

best box in WIP, type 4 is gone to pallet

PALLETIZATION UPDATE REPORT

PALLET STATUS
Volumetric Pallet Utilization, VPU = 38.67%
Number of Boxes on the Pallet: 7
1) Box Type 4
Position Vector, (LLW,H)=0,0,0
Orientation: I//L and w//W
2) Box Type 5
Position Vector, (L,W,H) = 18,0,0
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Onentation: /L. and w/W

3) Box Type 7

Position Vector, (L,W.H) =0, 10,0
Oriemation: I//W and w/L

4) Box Type 6

Position Vector, (L.W,H) = 18, 0, 10
Orientation: 1//L. and w//W

5) Box Type 2

Position Vector, (LLW,H) =0, 35, 0
Orientation: I//L and w/W

6) Box Type 2

Position Vector, (L,W,H) =0, 35, 20
Orientation: I//L and w//W

7) Box Type 4

Position Vector, (L,W,H) = 15, 10, 0
Orientation: 1//W and w//L
Number of Empty Sub Volumes on the Pallet: 6

Sub Volume #|
Dimensions:
Length = 48
Width = 10
Height = 10
Paosition Vector:
Length =0
Width =0
Height = 30
Sub Volume #2
Nimensions:
Length = 15
Width = 25
Height = 20
Position Vector:
Length =0
Width = 10
Height = 20
Sub Volume #3
Dimensions:
Length = 23
Width = 30
Height = 40
Paosition Vector:
Length = 25
Width = 10
Height = 0
Sub Volume #4
Dimensions:
Length = 13
Width = 5
Height = 40
Position Vector:
Length= 12
Width = 33
Height = 0
Sub Volume #5
Dimensions:
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Length =10
Width =7
Height =40
Position Vector:
Length = 15
Width = 28
Height =0
Sub Volume #6
Dimensions:
Length = 10
Width = 18
Height = 10
Position Vector:
Length =15
Width = 10
Height = 30

WIP STATUS

Actual WIP surface area =0 inches™2

CONVEYOR STATUS

TOTAL PAI LETIZATION TIME = 360 seconds.

There is no boxes in the WIP.
The box, 8 does not fit in sub volume 1|
The box, 8 does not fit in sub volume 2
The box, 8 fits in sub volume 3
the box orientation is I//L and w//W
PRVLC spat 1 = PRVLC spat 2 = 335
zerocount 1 <= zerocount 2
subvolume = 3
FRVLC =89
zerocount = 32
zero_TCBT =1
zero_TCBT min = 8
PRVLC max =0
The box, 8 does not fit in sub volume 4
The box, 8 does not fit in sub volume 5
The box, 8 does not fit in sub volume 6
boxcl is of type 8
subvolume_boxc! =3
orientation_boxc! = 13
TNSV_boxcl =6
case boxcl =2
PRVLC boxcl = 89
zecocount_boxcl = 32
The box, 6 does not fit in sub volume 1
The box, 6 does not fit in sub volume 2
The box, 6 fits in sub volume 3
the box orientation is 1//W and w/L
PRVLC spat 1 = PRVLC spat 2 = 64
zerocount 1 <= zerocount 2
subvolume = 3
PRVLC =111
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zerocount = 34
zero TCBT = |
zero_TCBT min = 8
PRVLC max =0
The box, 6 does not fit in sub volume 4
The box, 6 does not fit in sub volume 5
The box, 6 does not fit in sub volume 6
boxc2 is of type 6
subvolume_boxc2 =3
orientation_boxc2 =23
TNSV _boxc2 =7
case_boxc2 = 3
PRVLC boxcz = 111
zerocount_boxc2 = 34
boxcl of type 8 is gone to pallet

PALLETIZATION UPDATE REPORT

PALLET STATUS

Volumnetric Pallet Utilization, VPU = 54.14%
Number of Boxes on the Pallet' 8

1) Box Type 4

Position Vector, (LLW.H)=0, 0, 0

Orientation: I//L. and w//W
2) Box Type 5

Position Vector, (L.WH) = 18, 0, 0

Orientation: /L. and w//W
3) Box Type 7

Position Vector, (L,W,H) =0, 10, 0

Orientation: I//W and w//L.
4) Box Type 6

Position Vector, (L.W,H) = 18, 0, 10

Orientation: /L and w/W
5) Box Type 2

Position Vector, (L,W,H) =0, 35,0

Orientation: I//L. and w/W
6) Box Type 2

Perition Vector, (L,W,H) =0, 35, 20

Orientation: I//L. and w//W'
T) Box Type 4

Position Vector, (L,W,H) = 15, 10,0

Orientation: I//W and w//L.
8) Box Type 8

Position Vector, (LLW,H) =25, 10,0

Orientation: /L and w/W

Number of Empty Sub Volumes on the Pallet: 6

Sub Volume #1
Dimensions:
Length = 48
Width = 10
Height = 10
Position Vector:
Length =0
Width=0
Height = 30
Sub Volume #2
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Dimensions:
Length =15
Width = 25
Height = 20

Position Vector:
Length =0
Width = 10
Height =20

Sub Volume #3

Dimensions:
Length = 32
Width = 12
Height = 40

Position Vector:
Length =15
Width = 28
Height =0

Sub Volume #4

Dimensions:
Length =3
Width = 5
Height = 40

Position Vector:
Length = 12
Width = 35
Height =0

Sub Volume #5

Dimensions:
Length = 32
Width = 18
Height = 10

Position Vector:
Length =15
Width = 10
Height = 30

Sub Volume #6

Dimensions:
Length = 1
Width = 30
Height = 40

Position Vector:
Length = 47
Width = 10
Height =0

WIP STATUS

Actual WIP surface area = 0 inches™2

CONVEYOR STATUS

TOTAL PALLETIZATION TIME = 400 seconds.

newbox =5
Now boxcl =6
Now boxc2 =5
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There is no boxes in the WIP.

The box, 6 does not fit in sub volume |

‘The box, 6 does not fit in sub volume 2

The box, 6 fits in sub volume 3

the box orientation is I//L. and w//W

PRVLC spat | = PRVLC spat 2 = 17

zerocount 1 <<= zerocount 2

subvolume =3

PRVLC = 59

zerocount = 49

zero_TCBT =2

zero_TCBT min =8

PRVLC max =0

The box, & does not fit in sub volume 4

The box, 6 does not fit in sub volume 5

The box, 6 does not fit in sub volume 6

boxcl is of type 6
subvolume_boxcl = 3
orientation_boxc! = 13
TNSV_boxcl = 8
case_boxcl =4
PRVLC boxcl = 59
zerocount_boxcl =49

The box, 5 fits in sub volume |

the box orientation is I//L. and w/W

PRVLC spat 1 =PRVLC spat 2 =3

zerocount | <= zerocount 2

subvolume = |

PRVLC = 81

zerocount = 33

zero_TCBT = |

zero TCBT _min =8

PRVLC max =0

The box, 5 does not fit in sub volume 2

The box, 5 fits in sub volume 3

the box orientation is I//L and w//W

PRVLC spat | =PRVLC spat2 =24

zerocount 1 <= zerocount 2

subvolume = 3

PRVLC = 66

Zerocount = 48

zero TCBT = |

zero_TCBT min =1

PRVLC max = 8l

The box, 5 does not fit in sub volume 4

The box, 5 fits in sub volume 5

the box orientation is /L. and w//W

PRVLC spat 1 =PRVLC spat 2 =2

zerocount | <= zerocount 2

subvolume = 5§

PRVLC = 81

zerocount = 42

zero TCBT = 1

zero TCBT _min = |

PRVLC _max = 81

The box, 5 does not fit in sub volume 6
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boxc2 is of type 5
subvolume_boxc2
orientation_boxc2
TNSV_boxc2 =6
case_boxc2 =2
PPV LC boxc2 = 81
zerocount_boxe2 = 33

boxcl of type 6 is gone to pallet

PALLETIZATION UPDATE REPORT

1

13

PALLET STATUS
Volumetric Pallet Utilization, VPU = 61.95%
Number of Boxes on the Pallet: 9
1) Box Type 4
Position Vector, (LLW,H) =0, 0, 0
Orientation: I/L and w//W
2) Box Type 5
Position Vector, (LLW,H) =18, 0, 0
Orientation: I//L and w//W
3) Box Type 7
Position Vector, (L,W,H) =0, 10, 0
Orientation: I//W and w//L
4) Box Type 6
Position Vector, (L,W,H) =18, 0, 10
Orientation: I//L and w//W
5) Box Type 2
Position Vector, (L.W,H)=0, 35,0
Orientation: 1/ and w//W
6) Box Type 2
Position Vector, (L,W.H) =0, 35, 20
Orientation: I//L and w//W
7) Box Type 4
Position Vector, (L,W,H) = 15. 10, 0
Orientation: 1//W and w//L
8) Box Type 8
Position Vector, (LLW,H) 25, 10,0
Orientation: I/L and w/W
9) Box Type 6
Position Vector, (L,W,H) = 15, 28, 0
Orientation: I//L. and w//W
Number of Empty Sub Volumes on the Pallet: 8

Sub Volume #1
Dimensions:
Length = 48
Width = 10
Height = 10
Position Vector:
Length = 0
Width =0
Height = 30
Sub Volume #2
Dimensions:
Length =15
Width = 25
Height = 20
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Position Vector:
Length =0
Width = 10
Height = 20

Sub Volume #3

Dimensions:
Length =3
Width = 5
Height = 40

Position Vector:
Length = 12
Width = 35
Height = 0

Sub Volume #4

Dimensions:
Length = 32
Width = 18
Height = 10

Position Vector:
Length = 15
Width = 10
Height = 30

Sub Volume #5

Dimensions:
Length = |
Width = 30
Height = 40

Position Vector:
Length = 47
Width = 10
Height =0

Sub Volume #6

Dimensions:
Length =2
Width = 12
Height = 40

Position Vector:
Length = 45
Width = 28
Height =0

Sub Volume #7

Dimensions:
Length = 30
Width =2
Height = 40

Position Vector:
Length = 15
Width = 38
Height =0

Sub Volume #8

Dimensions:
Length = 30
Width = 10
Height = 20

Position Vecter:
Length = 15

159



Width = 28
Height = 20

WIP STATUS

Actual WIP surface area =0 inches™2

CONVEYOR STATUS

TOTAL PALLETIZATION TIME = 440 seconds.

newbox = 1
Now boxcl =5
Now boxc2 = 1
There is no boxes in the WIP.
The box, 5 fits in sub volume |
the box orientation is I//L and w//W
PRVLC spat 1 =PRVLC spat2=3
zerocount 1 <= zerocount 2
subvolume = 1
PRVLC = 51
Zerocount = 50
zero TCBT =2
zero_TCBT _min = §
PRVLC max =0
The box, 5 does not fit in sub volume 2
The box, 5 does not fit in sub volume 3
The box, 5 fits in sub volume 4
the box orientation is I//L and w/W
PRVLC spat 1 =PRVLC spat 2 =2
zerocount 1 <= zerocount 2
subvolume = 4
PRVLC =51
zerocount = 59
zero_TCBi -2
zero TCBT min =2
PRVLC _max = 51
The box, 5 does not fit in sub volume 5
The box, 5 does not fit in sub volume 6
The box, 5 does not fit in sub volume 7
The box, 5 fits in sub volume 8
the box orientation is I/L and w/W
PRVLC spat 1 =PRVLC spat2=6
Zerocount 1 <= zerocount 2
subvolume = 8
PRVLC =48
zerocount = 51
zero TCBT =3
zero TCBT min =2
PRVLC _max = 5!
boxcl is of type 5
subvolume_boxct = 1
orientation_boxcl = 13
TNSV_boxct =8
case_boxcl =2
PRVLC boxcl =51
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zerocount_boxcl = 50
The box, 1 fits in sub volume |
the box orientation is /L and w/W
PRVLC spat 1 > PRVLC_spat 2, no need for zerocount
subvolume = 1
PRVLC = 58
zerocount = 56
zero_TCBT =2
zero_TCBT min =8
PRVLC max =0
The box, 1 fits in sub volume 2
the box orientation is I/W and w/L.
PRVLC spat | > PRVLC_spat 2, no need for zerocount
subvolume = 2
PRVLC = 56
zerocount = 63
zero_TCBT =3
zero_TCBT _min =2
PRVLC max = 58
The box, | does not fit in sub volume 3
The box, | fits in sub volume 4
the box orientation is I//L and w/W
PRVLC _spat 2 > PRVLC_spat |, no need for zerocount
subvolume = 4
PRVLC = 58
zerocount = 56
zero_TCBT =2
zero_TCBT _min =2
PRVLC max = 58
The box, 1 does not fit in sub volume 5
The box, 1 does not fit in sub volume 6
The box, 1 does not fit in sub volume 7
The box, | fits in sub volume 8
the box orientation is ¥/L and w/W
PRVLC spat 1 > PRVLC_spat 2, no need for zerocount
subvolume = 8
PRVLC = 54
zerocount = 64
zero_TCBT =3
zero_TCBT min=2
PRVLC_max = 58
boxc2 is of type |
subvolume_boxc2 = 4
orientation_boxc2 = 13
TNSV_boxc2 =9
case_boxc2 =3
PRVLC_boxc2 = 58
zerocount_boxc2 = 56
boxcl of type S is gone to pallet
PALLETIZATION UPDATE REPORT

PALLET STATUS
Voiumetric Pallet Utilization, VPU = 65.86%
Number of Boxes on the Pallet: 10
1) Box Type 4
Position Vector, (LW, H) =0, 0, 0
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Orientation: I//L. and w/W

2) Box Type 5
Position Vector, (L. W,H) = 18, 0, 0
Orientation: I//L. and w/W

3) Box Type 7
Position Vector, (ILLWH)= 0, 10,0
Orientation: /W and w/L

4) Box Type 6
Position Vector, (L,LWH)= 18, 0, 10
Orientation: /L. and w/W

5) Box Type 2
Position Vector, (L,W,H) =0, 35,0
Orientation: /L. and w/W

6) Box Type 2
Position Vector, (L,W,H)= 0, 35,20
Orientation: /L. and w/W

7) Box Type 4
Position Vector, (L,W,H) = 15, 10,0
Orientation: /W and w/L.

8) Box Type 8
Position Vector, (L,W,H) = 25, 10, 0
Orientation: /L. and w/W

9) Box Type 6
Position Vector, (L,W.,H)= 15, 28,0
Orientation; /L. and w/W

10) Box Type 5
Position Vector, (L,W,H)= 0, 0, 30
Orientation: /L. and w/W

Number of Empty Sub Volumes on the Pallet: 8

Sub Volume #1
Dimensions:
Length= 15
Width =25
Height = 20
Position Vector:
Length=0
Width= 10
Height = 20
Sub Volume #2
Dimensions:
Length=3
Width=5
Height = 40
Position Vector:
Length= 12
Width = 35
Height = 0
Sub Volume #3
Dimensions:
Length =32
Width=18
Height = 10
Position Vector:
Length = 15
Width = 10
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Height =30
Sub Volume #4
Dimensions:
Length =1
Width =30
Height = 40
Position Vector:
Length =47
Width = 10
Height =0
Sub Volume #5
Dimensions:
Length =2
Width = 12
Height =40
Position Vector:
Length=45
Width = 28
Height =0
Sub Volume #6
Dimensions:
Length =30
Width =2
Height =40
Position Vector:
Length=15
Width = 38
Height =0
Sub Volume #7
Dimensions:
Length =30
Width = 10
Height = 20
Position Vector:
Length =15
Width = 28
Height =20
Sub Volume #8
Dimensions:
Length =18
Width = 10
Height = 10
Position Vector:
Length =30
Width=0
Height =30

WIP STATUS

Actual WIP surface area =0 inches™2
CONVEYOR STATUS
TOTAL PALLETIZATION TIME = 480 seconds.

newbox =3
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Now boxcl =1

Now boxc2 =3

There is no boxes in the WIP.

The box, 1 fits in sub volume |

the box orientation is /W and w/L

PRVLC spat 1 > PRVLC_spat 2, no need for zerocount

subvolume = 1

PRVLC =48

zerocount = 64

zero_TCBT =3

zero_TCBT min =8

PRVLC max =0

The box, 1 does not fit in sub volume 2

The box, 1 fits in sub volume 3

the box orientation is I//L. and w/W

PRVLC spat 2 > PRVLC _spat 1, no need for zerocount

subvolume = 3

PRVLC =50

zerocount = 57

zero_TCBT =2

zero_TCBT min =3

PRVLC max = 48

The box, 1 does not fit in sub volume 4

The box, 1 does not fit in sub volume 5

The box, 1 does not fit in sub volume 6

The box, 1 fits in sub volume 7

the box orientation is /L and w/W

PRVLC spat 1 > PRVLC _spat 2, no need for zerocount

subvolume = 7

PRVLC =46

zerocount = 65

zero TCBT =3

zero_TCBT min =2

PRVLC max = 50

The box, 1 fits in sub volume 8

the box orientation is I¥/L. and w/W

PRVLC spat 1 = PRVLC spat2=1

zerocount 1 <= zerocount 2

subvolume = 8

PRVLC =49

zerocount = 59

zero_TCBT =2

zero_TCBT min =2

PRVLC max = 50

boxcl is of type 1
subvolume_boxcl
orientation_boxc!
TNSV_boxcl =9
case boxcl =3
PRVLC_boxcl = 50
ze.ocount_boxcl =57

The box, 3 fits in sub volume 1

the box orientation is /W and w/L

PRVLC spat 1 = PRVLC_spat2=9

zerocount 1 <= zerocount 2

subvolume = 1

=3
=]

3
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PRVLC =39
Zerocount = 64
zero_TCBT =3
zero_TCBT_min = 8
PRVLC max =0
The box, 3 does not fit in sub volume 2
The box, 3 fits in sub volume 3
the box orientation is I//W and w//L
PRVLC spat 1 = PRVLC spat2 =6
zerocount | <= zerocount 2
subvoiume = 3
PRVLC =47
zerocount = 51
zero_TCBT =2
zero_TCBT min =3
PRVLC max =39
The box, 3 does not fit in sub volume 4
The box, 3 does not fit in sub volume 5
The box, 3 does not fit in sub volume 6
The box, 3 fits in sub volume 7
the box orientation is /L and w/W
PRVLC spat 1 = PRVLC spat2=9
zerocount | <= zerocount 2
subvolume =7
PRVLC =43
zerocount = 59
zero_TCBT =3
zero_TCBT min =2
PRVLC max =47
The box, 3 fits in sub volume 8
the box orientation is /L. and w/W
The sub volume is completely filled
subvolume = 8
PRVLC =48
zerocount = 44
zero_TCBT =2
zero_TCBT min =2
PRVLC max =47
boxe2 is of type 3
subvsiume_boxc2 = 8
“rientation_boxc2 = 13
TNSV _boxz2 =7
case_boxc2 = |
PRVLC boxc2 = 48
zerocount_boxc2 = 44
boxc! of type 1 is gone to WIP
PALLETIZATION UPDATE REPORT

PALLET STATUS
Volumetric Pallet Utilization, VPU = 65.86%
Number of Boxes on the Pallet: 10
1) Box Type 4
Position Vector, (L,W,i))=0, 0, 0
Orientation: 1/ and w/W
2) Box Type 5
Position Vector, (LLW,H) = 18, 0, 0
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Orientation: I//L. and wi/\V

3) Box Type 7
Position Vector, (LLW,H) = 0, 10,0
Orientation: /W and wi/L

4) Box Type 6
Position Vector, (L,W,H) = 18, 0, 10
Orientation: I//L and w/W

5) Box Type 2
Position Vector. (ILLW,H) = 0, 35,0
Orientation: I//L. and w/W

6) Box Type 2
Position Vector, (L,W,H) = 0, 35, 20
Orientation: I//L. and w//W

7) Box Type 4
Position Vector, (L,W,H) = 15, 10,0
Orientation: /W and w/L

8) Box Type 8
Position Vector, (L,W,H) = 25, 10, 0
Orientation: I//L. and w/W

9) Box Type 6
Position Vector, (L,W,H) = 15, 28,0
Orientation: I//L. and w/W

10) Box Type 5
Position Vector, (L,W,H) =0, 0, 30
Orientation: I//L. and wi/'W

Number of Empty Sub Volumes on the Pallet: 8

Sub Volume #1
Dimensions:
Length = [5
Width = 25
Height = 20
Position Vector:
Length =0
Width = 10
Height = 20
Sub Volume #2
Dimensions:
Length =3
Width =5
Height = 40
Position Vector:
Length = 12
Width = 35
Height =0
Sub Volume #3
Dimensions:
Length =32
Width = 18
Height = 10
Position Vector:
Length = 15
Width = 10
Height = 30
Sub Volume #4
Dimensions:
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Length = |
Width = 30
Height = 40
Position Vector:
Length =47
Width = 10
Height =0
Sub Volume #5
Dimensions:
Length =2
Width = 12
Height = 40
Positicn Vector:
Length =45
Width = 28
Height =0
Sub Volume #6
Dimensions:
Length =30
Width =2
Heiglt =40
Position Vector:
Length =15
Width = 38
Height =0
Sub Volume #7
Dinensions:
Length = 30
Width = 10
Height =20
Position Vector:
Length =15
Width = 28
Height = 20
Sub Volume #8
Dimensicns:
Lengta = 18
Width = 10
Height = 10
Position Vector:
Length =30
Width =0
Height =30

WIP STATUS
Number of Boxes in the WIP; |

It's type is 1
Actual WIP surface area = 60 inches”2

CONVEYCR STATUS
TOTAL PALLETIZATION TIME = 520 seconds.
newbox = 7

Now boxcl =3
Now boxc2 =7
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The box, 1 fits in sub volume |

the box orientation is I//W and w//L

PRVLC spat 1 > PRVLC_spat 2, no need tor zerocount

subvolume = |

PRVLC =48

zerocount = 64

zero_TCBT =3

zero TCBT min =8

PRVLC max =10

The box, 1 does not fit :n sub volume 2

The box, 1 fits in sub volume 3

the box orientation is I//L and w/W

PRVLC spat 2 > PRVLC_spat 1, no need for zerocount

subvolume = 3

PRVLC =50

zerocount = 57

zero_TCBT =2

zero TCBT min=3

PRVLC max = 438

The box, 1 does not fit in sub volume 4

The box, 1 does not fit in sub volume 5

The box, 1 does not fit in sub volume 6

The box, 1 fits in sub volume 7

the box orientation is I//L and w//W

PRVLC spat I > PRVLC_spat 2, no need for zerocouait

subvolume =7

PR.LC =46

zerocount = 65

zero TCBT =3

zero_TCBT min =2

PRVLC max =50

The box, 1 fits in sub volume 8

the box orientation is /L and w/W

PRVLC spat I = PRVLC spat2 =1

zerocount 1 <= zerocount 2

subvolume =8

PRVLC =49

zerocount = 59

zero TCBT =2

zero TCBT min =2

PRVLC_max = 50

bestboxinWIP is of type 1
orientation_bestboxinWIP = 13
subvolume_bestboxinWIP = 3
TNSV_bestboxinWIP = 9
case_bestboxinWIP = 3
PRVLC_bestboxinWIP = 50
zerocount_bestboxinWIP = 57

The box, 3 firs in sub volume |

the box orientation is 1//W and w//L

PRVLC spat 1 =PRVLC spat2 =9

zerocount 1 <= zerocount 2

subvolume = 1

PRVLC =39

zerocount = 64

zero TCBT =3
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zero_TCBT min =8
PRVLC max =0
The box, 3 does not fit in sub volume 2
The box, 3 fits in sub volume 3
the box orientation is I//W and w/L
PRVLC spat | = PRVLC spat 2 = 6
zerocount | <= zerocount 2
subvolume =3
PRVLC =47
zerocount = 51
zero_TCBT =2
zero_TCBT min=3
PRVLC max =39
The box, 3 does not fit in sub volume 4
The box, 3 does not fit in sub volume 5
The box, 3 does not fit in sub volume 6
The box, 3 fits in sub volume 7
the box orientation is I/ and w//W
PRVLC spat | = PRVLC spat 2 =9
zerocount | <= zerocount 2
subvolume = 7
PRVLC =43
zerocount = 59
zero_TCBT =3
zero_ TCBT min =2
PRVLC _max = 47
The box, 3 fits in sub volume 8
the box orientation is /L and w//W
The sub volume is completely filled
subvolume = 8
PRVLC =48
zaccount = 4
zero_TCBT =2
zero_TCBT_min =2
PRVLC_max = 47
boxc! is of type 3
subvolume boxcl = 8
orientation_boxcl = 13
TNSV_boxcl =7
case_boxcl =1
PRVLC boxc]l =48
zerocount_boxcl = 44
The box, 7 fits in sub volume 1
the box orientation is /W and w//L
The sub volume is comgletely filled
subvolume = 1
PRVLC =30
zerocount = 46
zero TCBT =3
zero_TCBT min= 8
PRVLC max =0
The box, 7 does not fit in sub volume 2
The box, 7 does not fit in sub volume 3
The box, 7 does not fit in sub volume 4
The box, 7 does not fit in sub volume 5
The box, 7 docs not fit in sub volume 6
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The box, 7 does not fit in sub volume 7
The box, 7 does not fit in sub volume 8
boxc2 is of type 7
subvolume_boxc2 = 1
orientation_boxc2 = 23
TNSV_boxc2 =7
case_boxc2 = 1
PRVLC _boxc2 = 30
zerocount_boxc2 = 46
boxcl of type 3 is gone to pallet

PALLETIZATION UPDATE REPORT

PALLET STATUS

Volumetric Pallet Utilization, VPU = 68.2%

Number of Boxes on the Pallet: 11

1) Box Type 4
Position Vector, (L,W,H) =0,0,0
Orientation: V/L. and w//W

2) Box Type 5
Position Vector, (L,W,H) =18, 0,0
Orientation: I//L and w//W

3) Box Type 7
Position Vector, (L,W,H) =0, 10, 0
Orientation: I//W and w//L

4) Box Type 6
Position Vector, (L,W,H) = 18, 0, 10
Orientation: I//L and w/W

5) Box Type 2
Position Vector, (L,W,H) =0, 35, 0
Orientation: I//L and w//W

6) Box Type 2
Position Vector, (L,W,H) =0, 35, 20
Orientation: /L and w/W

7) Box Type 4
Position Vector, (L,W,H) = 15, 10, 0
Orientation: I//W and w//L

8) Box Type 8
Position Vector, (L, W,H) =25, 10, 0
Crientation: /L and w//W

9) Box Type 6
Pasition Vector, (L,W,H) = 15, 28, 0
Orientation: /L. and w/W

10) Box Type 5
Position Vector, (L,W,H) =0, 0, 30
Orientation: V//L and w//W

11) Box Type 3
Position Vector, (L,W,H) = 30, 0, 30
Orientation: /L and w/W

Number of Empty Sub Volumes on the Pallet: 7

Sub Volume #1
Dimensions:
Length = 15
Width = 25
Height = 20
Position Vector:
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Length - O

Width = 10

Height = 20
Sub Volume #2

Height = 40
Paosition Vector:
Length = 12
Width = 35
Height =0
Sub Volume #3
Dimensions:
Length = 32
Width = 18
Height = 10
Position Vector:
Length = IS
Width = 10
Fiight = 30
Sub Volume #4
Dimensions:
Length = 1
Width = 30
Height = 40
Position Vector:
Length = 47
Width = 10
Height = 0
Sub Volume #5
Dimensions:
Length =2
Width = 12
Height = 40
Position Vector:
Length = 45
Width = 28
Height =0
Sub Volume #6
Dimensions:
Length = 30
Width =2
Height = 40
Position Vector:
Length = 15
Width = 38
Height =0
Sub Volume #7
Dimensions:
Length = 30
Width = 10
Height = 20
Position Vector:
Length = IS
Width = 28
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Height = 20

WIP STATUS
Number of Boxes in the WIP: |
It's type is |
Actual WIP surface aren = 60 inches™2

CONVEYOR STATUS
TOTAL PALLETIZATION TIME = 560 secor.ds.

newbox =6

Now boxcl =7

Now boxc2 =6

The box, 1 fits in sub volume 1|

the box orientation is I//W and w//L

PRVLC spat 1 > PRVLC_spat 2, no need for zerocount

subvolume = 1

PRVLC =45

zerocount = 58

zero_ TCBT =3

2ero_TCBT min =8

PRVLC max =0

The box, 1 dees not fit in sub volume 2

The box, 1 fits in sub volume 3

the box orientation is I//L and w/W

PRVLC spat 2 > PRVLC spat 1, no need for zerocount

subvolume =3

PRVLC =47

zerocount = 51

zero TCBT =2

zero_TCBT min =3

PRVLC_max = 45

The box, 1 does not fit in sub volume 4

The box, 1 does not fit in sub volume 3

The box, 1 does not fit in sub volume 6

The box, 1 fits in sub volume 7

the box orientation is I//L. and w//W

PRVLC spat 1 > PRVLC spat 2, no need for zerocount

subvolume =7

PRVLC = 43

zerocount = 59

zero TCBT =3

zero TCBT min =2

PRVLC max =47

bestboxinWIP is of type 1
orientation_bestboxinWIP = 13
subvolume_bestboxinWIP = 3
TNSV_bestboxinWIP = 8
case_bestboxinWIP = 3
PRVLC _bestboxinWIP = 47
zerocount_bestboxinWIP = 51

The box, 7 fits in sub volume 1

the box orientation is I//W and w/L.

The sub volume is completely filled

subvolume = 1
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PRVLC =27
zerocount = 40
zero_ TCBT =3
zero_TCBT min = 8§
PRVLC max = 0
The box, 7 does not fit in sub volume 2
‘The box, 7 does not fit in sub volume 3
The box, 7 does not fit in sub volume 4
The box, 7 does not fit in sub volume §
The box, 7 does not fit in sub volume 6
The box, 7 does not fit in sub volume 7
boxcl is of type 7
subvolume_boxc! =
orientation_boxcl =
TNSV_boxcl =6
case_boxcl = 1
PRVLC boxcl =27
zerocount_boxcl = 40
‘The box, 6 does not fit in sub volume 1
The box, 6 does not fit in sub volume 2
‘The box, 6 does not fit in sub volume 3
The box, 6 does not fit in sub volume 4
The box, 6 does not fit in sub volume 5
The box, 6 does not fit in sub volume 6
The box, 6 fits in sub volume 7
the box orientaiion is /L and w/W
The sub volume is completely filled
subvolume = 7
PRVLC =31
zerocount = 4]
zero TCBT =3
zero TCBT min =8
PRVLC max =0
boxc2 is of type 6
subvolume boxc2 =7
orientation_boxc2 = 13
TNSV_boxc2 = 6
case_boxc2 = |
PRVLC boxc2 = 31
zerocount_boxc2 = 41
boxe! of type 7 is gone to pallet
PALLETIZATION UPDATE REPCRT

1
23

PALLET STATUS
Volumetric Pallet Wtilization, VPU = 77.97%
Number of Boxes on the Pallet; 12
1) Box Type 4
Position Vector, (LLW,H) =0, 0, 0
Orientation: I/1. and w//W
2) Box Type 5
Position Vector, (L,W,H) = 18, 0, 0
Orientation: 1/L and w/W
3) Box Type 7
Pasition Vector, (L.W,H) =0, 10, 0
Orientation: /W and w/L
4) Box Type 6
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Position Vector, (LLW,H) =18, 0, 10
Orientation: I/L and w//W
5) Box Type 2
Position Vector, (LLW.H) =0, 35, 0
Orientation: I//L and w/W
6) Box Type 2
Position Vector, (L.W,H) =0, 35, 20
Orientation: /L and w//W
T) Box Type 4
Position Vector, (L,W,H) = 15, 10, 0
Orientation: I//W and w//L
8) Box Type 8
Position Vector, (L,W,H) =25, 10, 0
Orientation: I/L and w/W
9) Box Type 6
Position Vector, (L,W,H) = 15, 28, 0
Orientation: ¥/L and w/W
10) Box Type 5
Position Vector, (L.W,H) =0, 0, 30
Orientation: /L and w/W
11) Box Type 3
Position Vector, (L,W,H) =30, 0, 30
Orientation: /L and w/W .
12) Box Type 7
Position Vector, (L,W,H) =0, 10, 20
$Orientation: /W and w//L

Nurnber of Empty Sub Volumes on the Patlet: 6

Sub Volume #1
Dimensions:
Length = 3
Width =35
Height = 40
Position Vector:
Length = 12
Width = 35
Height =0
Sub Volume #2
Dimensions:
Length = 32
Width = 18
Height = 10
Position Vector:
Length = 15
Width = 10
Height =30
Sub Volume #3
Dimensions:
Length =1
Width = 30
Height = 40
Position Vector:
Length = 47
Width = 10
Height =0
Sub Volume #4
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Dimensions:
Length =2
Width = 12
Height = 40

Position Vector:
Length = 45
Width = 28
Height =0

Sub Volume #5

Dimensions:
Length = 30
Width =2
Height = 40

Position Vector:
Length = 15
Width = 38
Height =0

Sub Volume #6

Dimensions:
Length = 30
Width = 10
Height = 20

Position Vector:
Length = 15
Width = 28
Height =20

WIP STATUS
Number of Boxes in the WIP: |
It's type is 1
Actual WIP surface area =60 inches™2

CONVEYOR STATUS
TOTAL PALLETIZATION TIME = 600 seconds.

newbox = |

Now boxcl =6

Now boxc2 = |

The box, 1 does not fit in sub volume 1

The box, | fits in sub volume 2

the box orientation is I//L. and w/W

PRVLC _spat 2 > PRVLC_spat 1, no need for zerocount
subvolume =2

PRVLC =26

zerocount = 47

zero TCBT =3

zero TCBT min=§

PRVLC max =0

The box, 1 does not fit in sub volume 3

The box, 1 does not fit in sub volume 4

The box, 1 does not fit in sub volume 5

The box, 1 fits in sub volume 6

the box orientation is /L and w/W

PRVLC spat 1 > PRVLC _spat 2, no need for zerocount
subvolume = 6

175



PRVLC =22

zerocount = 55

zero TCBT = 4

zero_TCBT _min = 3

PRVLC max =26

bestboxinWIP is of type 1
orientation_bestboxinWIP = 13
subvolume_bestboxinWIP = 2
TNSV_bestboxinWIP = 7
case_bestboxinWIP = 3
PRVLC_bestboxinWIP = 26
zerocount_bestboxinWIP = 47

The box, 6 does not fit in sub volume 1

The box, 6 does not fit in sub volume 2

The box, 6 does not fit in sub volume 3

The box, 6 does not fit in sub volume 4

The box, 6 does not fit in sub volume 5

The box, 6 fits in sub volume 6

the box orientation is I//L. and w/W

The sub volume is completely filled

subvolume = 6

PRVLC =10

zerocount = 37

zero TCBT =35

zero_TCBT min =8

PRVLC max =0

boxcl is of type 6

subvolume_boxcl =6
orientation_boxcl = 13
TNSV_boxcl =5
case_boxcl = 1

PRVLC_boxcl = 10
zerocormt_boxcl = 37
The box, 1 does not fit in sub volume |
The box, 1 fits in sub volume 2
the box orientation is I//L and w//W
PRVLC spat 2> PRVLC spat 1, no need for zerocount
subvolume =2
PRVLC = 26
zerocount = 47
zero TCBT =3
zero_TCBT min=8§
PRVLC _max =0
The box, 1 does not fit in sub volume 3
The box, 1 does not fit in sub volume 4
The box, 1 does not fit in sub volume §
The box, 1 fits in sub volume 6
the box orientation is I//L and w/W
PRVLC spat 1> PRVLC spat 2, no need for zerocount
subvolume = 6
PRVLC =22
zerocount = 55
zero TCBT =4
zero_ TCBT min=3
PRVLC max =26
boxc2 is of type 1
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subvolume_boxc2 =2
orientation_boxc2 = 13
TNSV baxe2 =7
case_boxc2 =3
PRVLC bexe2 =26
zerocouri_boxe2 = 47
boxc! of type 6 is gone to pallet
PALLETIZATION UPDATE REPORT

PALLET STATUS
Volumetric Pallet Utilization, VPU = 85.78%
Number of Boxes on the Pallet: 13
1) Box Type 4
Position Vector, (L,W,H) =0, 0, 0
Orientation: /L and w/W
2) Box Type 5
Position Vector, (L,LW,H) = 18, 0, 0
Orientation: /L and w//W
3) Box Type 7
Position Vector, (L,W,H) =0, 10, 0
Orientation: /W and w//L
4) Box Type 6
Position Vector, (L,W,H) = 18, 0, 10
Orientation: /L. and w/W
5) Box Type 2
Position Vector, (L,W,H) =0, 35, 0
Orientation: I//L and w/W
6) Box Type 2
Position Vector, (L,W,H) = 0, 35, 20
Orientation: /L and w/W
7) Box Type 4
Position Vector, (L,W,H) = 15, 10, 0
Orientation: I//W and w/L
8) Box Type 8
Position Vector, (L,W,H) =25, 10, 0
Orientation: I//L and w/W
9) Box Type 6
Position Vector, (L,W,H) = 15, 28, 0
Orientation: I/L. and w/W
10) Box Type 5
Position Vector, (L,W,H) =0, 0, 30
Orientation: /L. and w/W
11) Box Type 3
Position Vector, (L,W,H) = 30, 0, 30
Orientation: I//L. and w//W
12) Box Type 7
Position Vector, (L,W,H) =0, 10, 20
Orientation: /W and w/L
13) Box Type 6
Position Vector, (L,W,H) = 15, 28, 20
Orientation: /L and w/W
Nurnber of Empty Sub Volumes on the Pallet: 5

Sub Volume #1

Dimensions:
Length =3
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Width = 3
Height = 40
Position Vector:
Length = 12
Width = 35
Height =0
Sub Volume #2
Dimensions:
Length = 32
Width = 18
Height = 10
Position Vector:
Length=15
Width = 10
Height = 30
Sub Volume #3
Dimensions:
Length =1
Width = 30
Height =40
Position Vector:
Length =47
Width = 10
Height =0
Sub Volume #4
Dimensions:
Length=2
Width = 12
Height = 40
Position Vector:
Length =45
Width = 28
Height =0
Sub Volume #5
Dimensions:
Length =30
Width =2
Height = 40
Position Vector:
Length = 15
Width = 38
Height =0

WIP STATUS
Number of Joxes in the WIT: 1
It's type is |
Actual WIP surface area = 60 inches"2

CONVEYOR STATUS

TOTAL PALLETIZA {TON TIME = 640 seconds.
newbox = 5
Now Loxcl =1

Now boxc2 =5
The box, | does not fit in sub volume |
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The box, | fits in sub volume 2

the box orientation is I/, and w/W

PRVLC spat 2 > PRVLC _spat [, no need for zerocount

subvolume = 2

PRVLC =9

zeroccunt = 44

zero_TCBT =3

zero_TCBT _min =8

PRVLC max =0

The box, | does not fit in sub volume 3

The box, 1 does not fit in sub volume 4

The box, | does not {it in sub volume 5

bestboxinWIP is of type |
orientation_bestboxinWIP = 13
subvolume_bestboxinWIP = 2
TNSV_bestboxinWIP = 6
case_bestboxinWIP = 3
PRVLC_bestboxinWIP = 9
zerocount_bestboxinWIP = 44

The box, 1 does not fit in sub volume 1

The box, 1 fits in sub volume 2

the box orientation is I//L and w/W

PRVLC spat 2 > PRVLC_spat 1, no need for zerocount

subvolume =2

PRVLC =9

zerocount = 44

zero_TCBT =5

zero_TCBT _min =8

PRVLC max =0

The box, 1 does not fit in sub volume 3

The box, | does not fit in sub volume 4

The box, | does nut fit in sub volume 5

boxcl is of type 1
subvolume_boxcl =2
orientation bcixcl = 13
TNSV_boxcl =6
case_boxcl =3
PRVLC boxcl =9
zerocount_boxcl = 44

The box, 5 does not fit in sub volume 1

The box, 5 fits in sub volume 2

the box orientation is I//L and w/W

PRVLC spat 1 = PRVLC spat 2 =2

zerocount 1 <= zerocount 2

subvolume = 2

PRVLC =2

zerocount = 47

zero_TCBT =7

zero_TCBT min =8

PRVLC max =0

[he box, 5 does not fit in sub volume 3

The box, 5 does not it in sub volume

The box, 5 does not fit in sub volume 5

boxc2 is of type 5
subvolume_boxc2
orientation_boxc2

2

13
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TNSV _boxc2 =6
case_boxc2 =3
PRVLC boxc2 =2
zerocount_boxc2 = 47
boxc! of type | is gone to pallet
PALLETIZATION UPDATE REPORT

PALLET STATUS
Volumetric Pallet Utilization, VPU = 86.56%
Number of Boxes on the Pallet: 14
1) Box Type 4
Position Vector, (LLW,H) =0, 0, 0
Orientation: I//L and w/W
2) Box Type 5
Position Vectur, (LLW,H) = 18,0, 0
Orientation: /L and w/W
3) Box Type 7
Position Vector, (LLW,H) =0, 10, 0
Orientation: 1//W and w/L.
4) Box Type 6
Position Vector, (L,W,H) =18, 0, 10
Orientation: /L. and w//W
5) Box Type 2
Position Vector, (LLW.H) =0, 35,0
Orientation: I//L and w/W
6) Box Type 2
Position Vector, (L,W,H) = 0, 35, 20
Orientation: I//L and w/W
7) Box Type 4
Position Vector, (L,W,H) = 15, 10, 0
Orientation: /W and w/L
8) Box Type 8
Position Vector, (L,W,H) = 25, 10, 0
Orientation: I/L and w//W
9) Box Type 6
Po-‘tion Vector, (L,W,H) = 15,28, 0
Onentation: /L and w/W
10) Box Type §
Position Vector, (L,W,H) =0, 0, 30
Orientation. I//L and w/W
11) Box Type 3
Position Vector, (L,W,H) = 30, 0, 30
Orientation: I//L and w/W
12) Box Type 7
Position Vector, (L,W,H) =0, 10, 20
Orientation: I//W and w//L
13) Box Type 6
Position Vector, (L. W,H) = 15, 28, 20
Orientation: /L. and w/W
14) Box Type |
Position Vector, (L,W,H) = 15, 10, 30
Orientation: /L. and w/W
Number of Empty Sub Volumes on the Pallet: 6

Sub Volume #1
Dimensions:
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Length =3
Width =35
Height = 40
Position Vector:
Length = 12
Width = 35
Height =0
Sub Volume #2
Dimensions:
Length = 1
Width = 30
Height = 40
Positicn Vector:
Length = 47
Width = 10
Height =0
Sub Volume #3
Dimensions:
Length =2
Width = 12
Height = 40
Vosition Vector:
Length =45
Width = 28
Height =0
Sub Volume #4
Dimensions:
Length = 30
Width =2
Height = 40
Position Vector:
Length = 15
Width = 38
2ight = 0
Sub Volume #5
Dimensions:
Length = 32
Width = 13
Height = 10
Position Vector:
Length=15
Width = 15
Height = 30
Sub Volume #6
Dimensions:
Length =20
Widra =5
Height = 10
Position Vector:
Length =27
Width = 10
Height = 30

WIP STATUS
Number of Boxes in the WIP: 1

It's type is 1
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Actual WIP surface area = 60 inches’ 2
CONVEYOR STATUS
TOTAL PALLETIZATION TIME = 680 seconds.

newbox = 999

Now boxcl =5

Now boxc2 = 999

‘The box, 1 does not fit in sub volume 1

The box, | does not fit in sub volume 2

The box, ! does not fit in sub volume 3

The box, | does not fit in sub volume 4

The box, 1 fits in sub volume 5

the box orientation is I/W and w/L.

PRVLC spat | = PRVLC spat2=6

zerocount | <= zerocount 2

subvolume = 5

PRVLC =7

zerocount = 53

zero_TCBT = 6

zero_TCBT min =§

PRVLC_max =0

The box, | fits in sub volume 6

the box orientation is /L. and w/W

PRVLC spat 1 =PRVLC spat2=0

zerocount | <= zerocount 2

subvolume = 6

PRVLC =8

zerocount = 45

zero TCBT =5

zero TCBT min =6

PRVLC max =7

bestboxinWIP is of type 1
orientation_bestboxinWIP = 13
subvoiume_bestboxinWIP = 6
TNSV_bestboxinWIP = 6
case_bestboxinWIP =2
PRVLC_bestboxinWIP = 8§
zerocount_bestboxinWIP = 45

The box, 5 does not fit in sub volume |

The box, 5 does not fit in sub volume 2

The box, 5 does not fit in sub volume 3

The box, 5 does not fit in sub volume 4

The box, S fits in sub volume 5

the box orientation is /L and w/W

PRVLC spat 1 =PRVLC spat2=0

zerocount | <= zerocount 2

subvolume = 5

PRVLC = |

zerocount = 55

zero_TCBT =7

zero_TCBT _min = 8

PRVLC max =0

The box, 5 does not fit in sub volume 6

boxcl is of type §
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subvolume_boxcl =3

orientation _boxcl = 13

TNSV _baxel =7

case_boxcl =3

PRVLC boxel =1

zerocount_boxcl = 55

best box in WIP, type 1 is gone to pallet

PALLETIZATION UPDATE REPORT

PALLET STATUS
Volumetric Pallet Utilization, VPU = 87.34%
Number of Boxes on the Pallet: 15

1) Box Type 4
Position Vector, (LLW,H)=0, 0,0
Orientation: I//L and w//W

2) Box Type 5
Position Vector, (L,W,H) = 18, 0, 0
Orientation: I/L. and w/W

3) Box Type 7
Position Vector, (LLW,H) =0, 10. 0
Orientation: 1//W and w//L.

4) Box Type 6
Position Vector, (L, W,H) = 18, 0, 10
Orientation: I//L and w/W

5) Box Type 2
Position Vector, (L,W,H) =0, 35,0
Orientation: I//L and w/W

6) Box Type 2
Position Vector, (L,W,H) = 0, 35, 20
Orientation: /L and w/W

7) Box Type 4
Position Vector, (L,W,H) = 15, 10, 0
Orientation: I//W and w//L

8) Box Type 8
Position Vector, (L.W.H) = 25, 10, 0
Orientation: I//L and w/W

9) Box Type 6
Position Vector. (LLW,H) = 15, 28, 0
Orientation: I//L. and w/W

10) Box Type §
Position Vector, (LLW,H)=10, 0, 30
Orientation: I//L. and w/W

11) Box Type 3
Position Vector, (L,W,H) = 30, 0, 30
Crientation: I//L and w//W

12) Box Type 7
Position Vector, (L,W,H) = 0, 10, 20
Orientatioi: /W and w//L

13) Box Type 6
Position Vector, (L,W,H) = 15, 28, 20
Orientation: /L. and w/W

14) Box Type |
Position Vector, (L,W,H) = 15, 10, 30
Orientation: I//L and w/W

15) Box Type 1
Position Vector, (L,W,H) = 27, 10, 30
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Orentation: I//L. and w/W
Number of Empiy Sub Volumes on the Pallet: 6

Sub Volume #]
Dimensions:
Length =3
Width = 5
Height = 40
Position Vector:
Length = 12
Width = 35
Height =0
Sub Volume #2
Dimensions:
Length = |
Width = 30
Height = 40
Position Vector:
Length = 47
Width = 10
Height =0
Sub Volume #3
Dimensions:
Length = 2
Width = 12
Height = 40
Position Vector:
Length = 45
Width = 28
Height =0
Sub Volume #4
Dimensions:
Length = 30
Width =2
Height = 40
Position Vector:
Length = 15
Width = 38
Height =0
Sub Volume #5
Dimensions:
Length = 32
Width = 13
Height = 10
Position Vector:
Length = 15
Width =15
Height = 30
Sub Volume #6
Dimensions:
Length = 8
Width=35
Height = 10
Position Vector:
Length = 39
Width = 10
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Height = 30
WIP STATUS
Actual WIP surface area = 0 inches™2
CONVEYOR STATUS
TOTAL PALLETIZATION TIME = 720 seconds.

There is no boxes in the WIP.
The box, 5 does not fit in sub volume 1
The box, 5 does not fit in sub volume 2
The box, 5 does not fit in sub volume 3
The box, 5 does not fit in sub volume 4
The box, 5 fits in sub volume 35
the box orientation is I//L. and w/W
PRVLC spat 1 =PRVLC spat2=0
zerocount 1 <= zerocount 2
subvolume = 5
PRVLC =0
zerocount = 56
zero TCBT =8
zero TCBT _min=8
PRVLC max =0
The box, 5 does not fit in sub volume 6
boxcl is of type 5
subvolume_boxcl =5
orientation_boxcl = 12
TNSV_boxcl =7
case_boxcl =2
PRVLC boxcl =0
zerocount_boxcl = 56
boxcl of type 5 is gone to pailet
PALLETIZATION UPDATE REPORT

PALLET STATUS
Volumetric Pallet Utilization, VPU = 91.25%
Number of Boxes on the Patlet: 16

1) Box Type 4
Position Vector, (L,LW,H) =0, 0, 0
Orientation: I//L and w/W

2) Box Type 5
Position Vector, (LLW,H) = 18, 0, 0
Orientation: I/L and w//W

3) Box Type 7
Position Vector, (LLW,H) =0, 10, 0
Orientation: I//W and w//L

4) Box Type 6
Position Vector, (LLW,H) =18, ¢, 10
Orientation: I/, and w//W

5) Box Type 2
Position Vector, (L,W,H) =0, 35, 0
Orientation: I//L and w/W

6) Box Type 2
Position Vector, (L,W,H) =0, 35, 20
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Onentation: /L. and w//W

7) Box Type 4

Position Vector, (LLW,H) = 15, 10, 0
Onentation: 1//W and w/L

8) Box Type 8

Position Vector, (L,W,H) =25, 10. 0
Orientation: /1, and w//W

9) Box Type 6

Position Vector, (L,W,H) = 15, 28, 0
Orientation: I/l and w//W

10) Box Type 5

Position Vector, (.,,W,H) =0, 0, 30
Orientation: /L and w/W

11) Box Type 3

Position Vector, (L,W,H) = 30, 0, 30
Orientation: /L and w//W

2) Box Type 7

Position Vector, (L.W,H) =0, 10, 20
Orientation: V/W and w//L

13) Box Type 6

Position Vector, (L,W,H) = 15, 28, 20
Orientation: /L. and w//W

14) Box Type |

Position Vector, (L,W,H) = 15, 10, 30
Orientation: I//L and w/W

15) Box Type 1

Position Vector, (L,W,H) = 27, 10, 30
Orientation: I//L. and w//W

16) Box Type 5

Position Vector, (L,W,H) = 15, 15, 30
Orientation: 1//L, and w//W
Number of Empty Sub Volumes on the Pallet: 7

Sub Volume #1
Dimensions:
Length =3
Width = 5
Height = 40
Position Vector:
Length = 12
Width = 35
Height =0
Sub Volume #2
Dimensions:
Length = 1
Width = 30
Height = 40
Position Vector:
Length = 47
Width = 10
Height =0
Sub Volume #3
Dimensions:
Length =2
Width = 12
Height = 40
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Position Vector:
Length = 45
Width = 28
Height = 0

Sub Volume #4

Dimensions:
Length = 30
Width = 2
Height = 40

Position Vector:
Length = 15
Width = 38
Height =0

Sub Volume #5

Dimensions:
Length =8
Width= 3
Height = 10

Position Vector:
Length = 39
Width = 10
Height = 30

Sub Volume #6

Dimensions:
Length =2
Width = 10
Height = 10

Position Vector:
Length = 45
Width = 15
Height = 30

Sub Volume #7

Dimensions:
Length = 30
Width = 3
Height = 10

Position Vector:
Length = 15
Width = 25
Height = 30

WIP STATUS
Actual WIP surface area =0 inches™2
CONVEYOR STATUS
TOTAL PALLETIZATION TIME = 760 seconds.
All remaining sub volumes are too small for any of the box types.
100% Pallet Utilization is not possible.
FINAL PALLETIZATION REPORT
PALLET STATUS
Volumetric Pallet Utilization, VPU = 91.25%
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Number of Boxes on the Pallet: 16

1) Box Type 4
Position Vector, (LLWH) =0,0,0
Orientation: /L and w/W

2) Box Type 5
Position Vector, (L,W,H) =18, 0, 0
Orientation: /L and w/W

3) Box Type 7
Position Vecvor, (LLW,H) =0, 10, 0
Orientation: 1//W and w//L

4) Box Type 6
Position Vector, (L,W,H) = 18, 0, 10
Orientation: /L and w//W

5) Box Type 2
Position Vector, (LLW,H) =0, 35, 0
Orientation: I//L and w//W

6) Box Type 2
Position Vector, (L,W,H) =0, 35, 20
Crientation: I//L and w//W

7) Box Type 4
Position Vector, (L,W,H) = 15, 10, 0
Crientation: I//W and w//L

8) Box Type 8
Position Vector, (L,W,H) =25, 10, 0
Orientation: I//L and w//W

9) Box Type 6
Position Vector, (L,W,H) = 15, 28, 0
Orientation: /L. and w/W

10) Box Type 5
Position Vector, (LLW,H) =0, 0, 30
Orientation: /L and w/W

11) Box Type 3
Position Vector, (L,W.H) = 30. 0, 30
Orientation: /1. and w/W

12) Box Type 7
Position Vector, (L,W,H) =0, 10, 20
Orientation: 1//W and w//L.

13) Box Type 6
Position Vector, (L,W,H) = 15, 28, 20
Orientation: 1/l and w/W

14) Box Type |
Position Vector, (L,W,H) = 15, 10, 30
Orientation: I//L and w/W

15) Box Type 1
Position Vector, (L,W,H) =27, 10, 30
Orientation: /L and w/W

16) Box Type 5
Position Vector, (L.W,H) = 15, 1§, 30
Orientation: I//L and w//W

WIP STATUS
Number of Boxes in the WIP: 0
Actual WIP surface area =0 inches”™2
Maximum WIP surface area at any one Time = 180 inches"2

ROBCTIC PALLETIZATION TIME = 760 seconds.
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Block

Box Type Demand

Boxes in the System

Box Orientation

Column Stacking

Guillotine Cut

Heuristic

Individual Box Type
Sub Volume Load
Capacity, ISVLC:

Layer Palletization

Mathematical Model

Maximum Capacity

of Box Type, MCBT:

GLOSSARY

A combinzation of several boxes torming 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 tound 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 arc loaded
column by column.

Separation between two box surface adjacent to cach
other.

Different criteria, methods, or principles for deciding
which among several altemative 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 accommaodate.

A pallet loading technique by which boxes are Inaded
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.
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Negative Flexibility

New Pattern

New Sub Volume

Old Pattern

Old Sub Volume

Pallet Stability

Partitioned Remaining
Volume Load Capacity,

PRVLC:

Pick up Place

Positive Flexibility

Priority Level

Interlocked Stacking

Sub Pattern

Sub Volume

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.

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
pattem.

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 pattems,
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 is 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.
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Surface Levelling

System

Total Number of
Sub Volumes. TNSV

Work-In-Process

Z-Axis of a Box

Zero Count

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

The palletization environment composed of the conveyor,

the WIP, and the pallet.

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 pattems are
broken.
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