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Abstract

Application of Artificial Intelligence Techniques to Two Dimensional
Material Cutting |
By
Rami Mustafa El-Naqa
Supervisor

Dr. Yousef Al-Assaf

Cutting variety of two dimensional shapes from plane sheets or plates of raw
material is usually preceded by a nesting or allocation process, where a decision should
be made on how to distribute a batch of pieces to be cut on the raw material, such that
maximum utilization of the resource is obtained. This problem exists in various
industries. The problem has been traditionally solved by humans in a manual way.
Automatic approaches have been suggested to solve such a problem; however, humans
are still believed to be better in solving it.

In this research, two cases of this problem have been tackled: the rectangular
shapes cutting stock problem, and the irregular shapes cutting stock problem. Automatic
solution approaches have been proposed to solve them. For the first problem, a heuristic
approach based on human intuitive thoughts has been suggested. The experimental
results obtained show its success in obtaining adequate layouts without any manual
human intervention. For the second problem, a stafe space representation is suggested,
then a fast solution approach based on a Hill Climbing search technique was
investigated. Initial results obtained demonstrate that this method is promising; however,
more research has to be performed to enhance its capabilities.

The suggested automatic solutions for these problems are intended to be 2 part of
a decision supporting system, for a flame cutting machine, for sheet metal industry. A

design for that machine is also presented in this research.
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Chapter 1

Introduction

Flame cutting is one of the manufacturing processes that is being utilized
extensively in Jordan in cutting metal sheets and plates. Unfortunately, in many
industries the process is being conducted in a primitive manual way. A few
number of semiautomatic machines are found at some local companies and
institutions; nevertheless, they show low productivity and suffer many problems
e.g. they don’t work on batches of shapes provided as complete layouts, but
rather they work on single piece layout then cutting it in a-sequential manner.
Also they are preset at constant motion speed, which causes bad curved shape
cuts. Although automated flame cutting machines based on computer numerical
control (CNC) technology [1] have long existed in the industrialized world, their
local existence is scarce, the main reason for that being the relatively high mitial

and running costs for such a technology.

Considerable changes have been faking place in manufacturing systems,
due to the application of new computerized technologies and techniques. The
computer has had and continues to have a dramatic impact on the improvement of
industrial productivity and quality. Therefore, this project is aimed at building up

more practical local experience, and gaining the know-how in such new
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technologies, through the construction of a prototype automatic flame cutting
machine -in cooperation with other colleagues- based on a microcomputer
system, and supporting this machine with a computer aided nesting software

package, which is the main focus of this thesis.

Cutting a variety of two dimensiona-l shapes from plane sheets or plates of
raw material is usually preceded by a nesting or allocation process, where a
decision should be made on how to distribute the batch of pieces to be cut on the
raw material, such that maximum utilization of the resource is obtained, or
equivalently, minimum waste is produced. Figure 1.1 illustrates this problem in
the context of the manufacturing system. In literature, this problem is also known
as the Cutting Stock Problem (CSP). Figure 1.2 shows typical two-dimensional

shapes nesting.

To other
Manufacturing
units
A
Cutting Department
4
4 e L n o
= €8 Raw | ? € | Material Finished
& ™& | inventory t ci) Operations inventory
n
Non
Standard
Y
Reusable
Scrap N Scrap

Figure 1.1 Layout problem placed in manufacturing system context.
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Figure 1.2 Typical two dimensional shapes nesting.

a) Rectangular shapes layout. b} Irregular shapes layout.



1.1 Cutting stock problem

Proper utilization of raw materials by minimizing trim losses (cutting
waste) is one of the main objectives in various industries. It is a major problem in
sheet metal, textile, furniture, leather, paper, and flat glass industries, just to
mention a few areas of application. To achieve ‘Optimal” resource utilization
effective allocation (layout) of a set of demanded two dimensional shapes
(rectangular and /or irregular) onto a relatively larger stock sheet should be
carried out. This problem is one of the problems that are easy to state, but very

difficult to solve. Figure 1.3 shows a general classification for the CSP and its

variants.
I Cutting Stock ProblemsJ
I One-dimensionau I Two-dimensional I rThree-dimcnsional
: l Container Packing
[Single-resource | [ Multi-resource | Single-plate Pallet Loading

Rod/pipe cutting
Machine Scheduling | |Rectangular| |Irregular | [Rectangular| [Irregular

Knapsack Problem patterns patterns patterns patterns
Bin Packing

IElal, wood, glass, paper, leather, textile cultingJ

Figure 1.3 Classification of cutting stock problems [2] (with modifications).

Traditionally, such allocation of shapes is performed by humans. In recent
years, several layout algorithms have been developed to automate the solution of

the problem. However, a comprehensive allocation algorithm which is suitable
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for various applications is not easily achievable, since each industry has its own
special allocation restrictions and patterns [3]. Even for a single application, the
problem is often considered to be difficult (intractable) [4]. The major source of
difficulty in this type of problems is due to the very large number of feasible

cutting patterns that could be generated in the allocation process [3,4,5].

The problem has been classified as a large scale combinatorial
optimizatior{ problem [5], and has been proven to be NP-Complete [6] (see
Figure 1.4) ie. it has no polynomial time exact solution algorithm (one which
guarantees an optimum solution, and requires a number of steps that grows as a
polynomial in the size of the input), and it is unlikely, if not impossible to solve
its general case by an exact solution approach. Therefore, one should settle for
goals that are less ambitious than developing an algorithm that always finds an
exact solution, and has time requirements that never exceed a given polynomial

growth [7].

Heuristic methods, which are typical in artificial intelligence and
operations rese;rch are well suited to efficiently solve such problems, since they
are based on rules of thumb, and human intuitive thoughts that have proven to be
successful in solving combinatorial probl_ems in practice. They tend to simplify,
reduce, or limit the search in large problem spaces; in particular, they search for
solutions in domains that are difficult and poorly understood. For these reasons
interest in the cutting stock problem has been shifting from a purely mathematical
and theoretical basis to more practical and heuristically based solution

approaches [8].
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It is worth mentioning also that even though a number of nesting
algorithms are currently in use in industry, virtually all of these systems are

considered to be highly proprietary and specific [8,9].
i
UNDECIDABLE HILBERTS TENTH PROBLEM

SUPEREXPONENTIAL PRESBURGER ARITHMETIC
EXPONENTIAL CIRCULARITY OF ATTRIBUTE GRAMMARS

{

INTRACTABLE
TRACTABLE
¢ POLYNOMIAL P
& LINEAR PROGRAMMING

MATRIX MULTIPLICATION
n ——

nlogn T SORTING

SELECTION * Includes constraint
satisfaction problems.

n

Figure 1.4 The spectrum of computational complexity [10].
Where n is the size of entities in the problem.

1.2 Problems addressed by this thesis

In addition to the participation in designing and constructing a prototype
automatic flame cutting machine, two cases of the cutting stock problem are
tackled by this research. They are reléted to local sheet metal and textile
industries  primarily, but could be improved upon to suit other applications. The

statements of the two instances to be addressed by this thesis are as follows :

1) Given a batch of different two dimensional rectangular shapes, it is required

to allocate them on a number of standard sized rectangular raw material sheets of
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the same size; such that the waste is minimized, or equivalently, the number of

raw material sheets is reduced.

2) Given a batch of two dimensional irregular shapes, it is required to allocate
them on a single finite width, infinite length rectangular raw material sheet, such
that the waste is minimized ( The assumption of infinite length comes from the
fact that the resource considered is usually a roll, a strip, or a sheet with length

that is much more greater than the lengths of pieces to be allocated).
1.3 Overview of the thesis

The thesis is organized as follows: In chapter two, the rectangular shapes
layout problem is reviewed. Then a heuristic solution approach based on
capturing human intuitive thoughts in nesting problems is proposed. After that,
randomly generated batches of rectangular shapes with certain characteristics -to
be discussed in chapter two- are used to test the approach. A comparison with
already published results in literature is then performed. Finally, the results are

presented and discussed with recommendations for future improvements.

Chapter three is devoted to the irregular shapes nesting problem, where it
is also reviewed, and a classification of already developed approaches is
presented and commented upon. Then- a state space representation of the
problem solution is suggested, with an attempt to asses its complexity, along with
a proposed heuristic search scheme. A number of sample batches of irregular
shapes obtained from local industries is then used to test the solution approach.

Finally, results are presented and discussed.
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In Chapter four, the intended prototype flame cutting machine design is

presented with discussion of different considerations taken into account during

its design and construction.

Chapter five is devoted for general conclusions and suggestions for

possible future improvements and extensions.
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Chapter 2

Two Dimensional Rectangular Shapes Allocation

456516

2.1 Introduction

The two dimensional cutting stock problem requires cutting a plane rectangular
resource into smaller rectangular pieces of given sizes and quantities, as specified
by a given bill of material (BOM). A value could be associated with each piece;
usually taken to be proportional to its area, thereby the problem of waste
minimization could be formulated as maximizing the value of pieces cut or
allocated [11]. Thus a mathematical formulation of the problem could be stated
as follows [8]: given a rectangular stock sheet R of dimensions L x ¥, a set of p
distinct types of smaller rectangular pieces is to be cut from (or allocated to) the
stock sheet. This set is denoted by S={(1;,w1),(I2,W2),.. -,(I,W,)}, where /; and w;
represent the length and width respectively of a given rectangular type . Any
number (or non at all) of one type of piece may be cut from R. The general

formulation is given as follows:

. P
The objective is to maximizez: 2= D XV, (L.1)
i=1

Such that: 1) A number of geometrical and
topological constraints is satisfied. (1.2)
2) A number of demand constraints is satisfied. ~ (1.3)

3)x; >0 andx; is integer. (1.4)
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Where v; is the “value” (often, the area) associated with each of the rectangles
to be cut, and x; is the decision variable representing the number of pieces of

each type i.

The main sources of difficulty in solving such a mathematical program
arises from the fact that a very large number of feasible patterns could be
obtained, which is reflected in a very large number of columns in the
mathematical model. The other source of difficulty is in expressing the
geometrical and topological constraints, where nonlinearities are introduced into
the problem, which are not easily or satisfactorily overcome by classical

optimization techniques{3,5,8, 12,13,14].
2.2 Literature review

Surveying the literature, various approaches were proposed to 'deﬁne,
model and solve the problem with variations on the basic mathematical model
presented by the formulation of Equation (1.1) to Equation (1.4) [15]. Such
techniques include restricted mathematical optimization [4], tree search [11,16],

heuristics [8, 15], neural networks [3], and recently simulated annealing [17].

Due to the fact that this problem is a large scale combinatorial problem,
as well as being NP-Complete [6], simplifying assumptions and restrictions were
imposed in order to make it possible to formulate the problem, and thereby make
it amenable to mathematical solution within practically acceptable computational
time and computer storage requirements.

Some of the commonly used assumptions are:
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-the guillotine” patterns cut (see Figure 2.1), for which, most of the effort has

been directed in literature [4, 11, 18, 19, 20],
-limited number of patterns variety [20],

-and constraint on the maximum number of each type in a pattern [11, 14], where
a pattern in this context is considered to be a complete layout on a single

resource; leading to a feasible complete solution or nest.

Some of the above assumptions could be accepted in practice, while others
impose real limitations to the applicability of the used optimization technique,
and the quality of the solution obtained. In ad&ition, such approaches require
excessive, and some times prohibitive, amount of computing [18], especially for
medium to large scale problems (problems with roughly more than 10 different

sizes of rectangles).

Waste regions

— = e

6
2 7
5
3
A P
L aiocncs
(a) Allocated (b)**
Stock sheet rectangles

**numbers indicate scquence of cuts.

Figure 2.1 Allocation/Cutting patterns: a) Non-Guillotine pattern b) Guillotine pattern.

" A guillotine cutting pattern means that only edge-to-edge cuts of the raw material are allowed.

All Rights Reserved - Library of University of Jordan - Center of Thesis Deposit



12

Tree-search and related algorithms were alternative approaches, that have
been used to tackle the allocation problem. However, to make the two-
dimensional problem amenable to efficient solution by these algorithms the size
of tree search is limited by deriving and imposing necessary conditions for the
cutting pattern to be optimal, as well as including designed node evaluation
functions to give  bounds for driving the search [11, 21]. Such imposed

conditions and bounds reflect negatively on the optimality of the solution.

Achieving close to optimal solutions with reasonable computing time is
the objective of numerous heuristic approaches reported [8, 14,17, 18, 22, 23].
Various heuristics were adopted to tackle the two-dimensional allocation
problem, such as: Bottom-Left heuristic[24], Decreasing Length Perpendicular
Strip Packing [8], the Bin Packing heuristics [5,8] just to mention a few. As with
all allocation algorithms heuristics schemes are very dependent on the particular
problem being solved, hence the allocation mechanism used must be dertved
from the problem environment. Even though heuristics do not guarantee the
optimality of the solution obtained, they have proved to be a widely acceptable
alternative to mathematical optimization. Furthermore, a trend has been taking
place, since the seventies, in trading off optimality for faster algorithms providing
near optimal solutions[15]. Also, it is woﬁh mentioning that multiple-objectives

can be incorporated within such heuristic techniques[14].

Human intervention, even if limited, has demonstrated that it had
improved the quality of some of the above mentioned solution approaches

substantially [15]. However, although human intervention has demonstrated
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improvements, the efficiency and time required for such intervention depends on
the skill of the operator, the size of the problem (and thereby the number of
sheets to be cut), as well as the characteristics (features & variety) of BOM [25].

Kopardekar et.al.[26] focused on identifying human intuitive thought
process in laying out of irregular parts. In that work, instead of adopting the
human intervention to improve the outcome of a basic heuristic scheme, the
human strategies of allocating the whole sheet were suggested to constitute a
heuristic approach. However, human strategies in allocating the whole sheet may
not be effective or easy to comprehend if BOM characteristics are wide. Hence to
overcome such a hurdle, an underlying allocation algorithm could be used, then

human strategies could be applied to continue the allocation process.
2.3 Proposed solution approach

Human operators are -until this time- believed to perform -in most of the
cases- better than pure automatic nesting algorithms [8, 26, 27]; although; their
performance degrades as the size and variety of the problem increases. Therefore,
the identification and computer implementation of various human strategies in
filling spaces, generated from an underlying automatic allocation algorithm is the
proposed heuristic approach to enhance .the solution of the two dimensional
rectangular layout problem in this thesis, whereby this approach direct human
intervention ts eliminated but not his/her intuitive thoughts. Heuristic and non-
heuristic algorithms could be adopted as an underlying allocation technique;

however, the First Fit Decreasing Length Perpendicular (FFDLP) heuristic [15] 1s
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used here, because of its simplicity, and for comparison with already published

results.
2.4 Problem constraints and requirements

The pattern allocation process considered here is related to sheet metal
industry, in which a standard-size rectangular stock sheet is available with
unlimited number; is to be cut into demanded rectangles of smaller sizes as

specified by a given BOM.
The following constraints and specifications are to be taken into account:

1- The cuts to be performed are not restricted by the guillotine constraint (since
the flame cutting machine is a flexible cutting facility), and they should be
orthogonal (better utilization is expected from orthogonal cuts as Figure 2.2

shows [28]).

2- The orientation of a piece is not fixed, it could be rotated 90° , which

preserves orthogonality constraint.
3- The pieces to be allocated should not overlap.
4- The pieces should be entirely packed within the stock sheet boundaries.

5- The demand of each type of piece should be met exactly. No over runs or

under runs are allowed.

6- Since the cutting flame has a significant diameter, there must exist a specified
cutting tolerance (offset) between pieces, usually known as the cutter diameter

compensation. To meet this requirement, pieces to be allocated are enlarged in
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size in all directions by an amount equal to half the diameter of the flame nozzle

(to be used in cutting).

7- The pieces to be cut from the stock sheets, should be allocated in such a way
that would produce minimum waste, or equivalently reduce the number of needed
stock sheets. The work is directed towards relatively large scaled problems with

relatively large pieces variety, since its effectiveness becomes more feasible.

Stock . "’///
Rectangle —\ ff, ‘ Stock
% //
7 rectangle
A ////@ ////
%
4 A )
Requireld _/ \_ Required Waste
rectangle material rectangle material

(@
Figure 2.2 (a) Orthogonal cutting pattern. (b} Non-Orthogonal cutting pattern [28].

2.5 Human reasoning in space recognition and filling

In this section various techniques, that are representative among others to
the way a human operator would recognize and fill confined spaces, which are
generated after applying an automatic allocation algorithm (like the FFDLP) are
presented. These techniques are gathered from literature and from interviews
made with human operators. It is the intention to combine the computer’s
accuracy and speed of calculation with such heuristic rules to get a better solution
approach that takes advantage of both the human thoughts and the computer

capabilities,
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1. First-fit decreasing(FFD) [5]: Itis the very simple bin-packing heuristic that
deals with the available gaps as separate bins or isolated subspaces (a gap or
subspace (see Figure 2.3) is defined as the part of the sheet that is unallocated
yet, and is adjacent to an allocated piece, such that the dimensions of this gap
are confined to the adjacent allocated piece and within the allocation cycle
region -to be explained later-), and works on filling them with the first piece in
the BOM that fits in the space as illustrated in Figure 2.3. Obviously for any
skilled or ‘intelligent” operator this approach is hardly used since the first

piece which can be fitted may not be the best (optimal) piece in filling the
considered space. However, it represents a simple and fast, but short sighted
rule to fill the gaps. It works well in one dimensional large scaled problems. It
is included here to show the gradual increase in depth of thought about the

problem.

Adjacent piece

é/

. Picces filled
by FFD rule.

Gap
or
subspace

sy

Figure 2.3 First-Fit Filling of end-of-cycle subregions and gaps.
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2. Best-fit decreasing(BF): A human thought would naturally suggest such
strategy in filling of gaps, where for a given space a human operator would
look for a piece with the largest area that would cover as much as possible of
a gap, such that minimum waste is produced. Such a rule is considered to be
one of the greedy approaches [29]. In implementing such heuristic rule, a 90°
rotation of a piece is also permitted to test for best filling, and thus provide

the chance for better results as shown in Figure 2.4.

Pieces filled by
best-fit
decreasing
rule (BF/BE)

Figure 2.4 Best-Fit filling of end-of-cycle subregion and gaps.

\

3. Shifi(S): Different types of shifts could be considered by a human operator (see
Figure 2.5); however, the one shown in Figure 2.6 is the implemented type,
whereby in this approach the gap spaces generated from previous allocations
of pieces are reduced, and the recursive nature of the whole algonthm -as will
be presented later- is preserved. This restricted type of shift 1s applied when
the set of pieces on one edge of the sheet -excluding the corner piece- are less

in their dimension than the comer piece.
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4. Merging of gaps into larger rectangles(M): By this approach the human
ability to recognize contiguous space is realized and implemented in a
simplified manner, where spaces sharing at least one common dimension are
joined together, then the merged spaces are reconsidered for filling by rule (1)

or (2) as Figure 2.7 shows.

%W%
-

W//l
/W/

//%/

/

()

Figure 2.5 Different possible types of shift.
a) Before applying shift. b) After applying some of the different possible types of shift.

‘F‘!‘+Q‘!‘

§

N

¥

Figure 2.6 Shift, then Best-Fit filling of end-of-cycle subregions and gaps.
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Picces \

filled in

a merged /// \
gaps W//II/ ///A\\

" Wf///

///////////\

o
/ / B \//

Figure 2.7 Merge-gaps, then Best-Fit filling of end-of-cycle subregions and gaps.

5. Largest rectangle(L): The largest rectangular space that could be realized in an
irregularly bounded unfilled space is searched for by this heurnstic, and
considered for allocation with largest piece, then the remaining spaces around

it are reconsidered for filling by other heuristics.

6. Strips: When a human operator recognizes at least one common dimension
between pieces he/she tries to join them together and then allocate them as a
single unit (a strip) of two or more pieces as shown in Figure 2.8, This
approach has the benefit of keeping edges of pieces and spaces aligned
together which introduces some homogeneity to edges and thereby has

potential for reduced waste.

7. Trial and error: 1t is the most natural and probably least efficient approach;
especially for medium to large sized problems. Pieces are seemingly randomly
selected and checked for legal placement, or combinations of pieces could be

tried. Actually, the human operator makes some fast assessments (recognition)
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of size and shape before such trials are made, which in most cases reduces the

number of possibilities, and yield “good” solutions.

2 @ @ ; @ Rectangular types

[ I I I | I I Strip type S1

Strip type S2

Strip type 83

Waste

000

‘Optimal” solution

Figure 2.8 Strip layout example [30].

These techniques are probably not the only ones used by human operators

in various industries; furthermore, not all of them are easy or suitable for
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computer implementation. Therefore, some of them have been programmed

and tried in this work with the following considerations:

-Combinations of the previous heuristics could also be used to take advantage
of different characteristics of each, such as applying the shift strategy at some
position then trying to fill the produced gap by rule 2, or the shift could be
applied, then merging of spaces is considered, and after that the gaps are filled

with best-fit decreasing as shown in Figure 2.9.

Picces filled :

by best-fit :

a)l;crc zhi;'t and W/ *i Piece filled by
merging of best-fit (BF)
gaps %/&//%

Piece filled by
best-fit (BE)
at end of cycle

//// __
/////\\\\\\\\%

Figure 2.9 Shift, Merge-gaps, then Best-Fit filling of end-of-cycle subregions & gaps.

\\

-Sorting the BOM according to non-increasing length or width and starting
with larger pieces in terms of area, length or width is also considered as a pre-
allocation process on the BOM, with the aim of consuming larger pieces

(relative to the stock sheet) at earlier stages of allocation, and preserving

smaller ones for filling of possibly penerated gaps and reduced sheet area at

later stages.
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-Deciding upon the rule (or combination of rules) to be applied at specific points
of allocation, based on different characteristics of the original BOM or the
remaining pieces to be allocated in conjunction with the space to be filled,
could also be implemented. This decision making process which could
represent an inference engine of the approach is not considered in this work;
however, heuristics or their combinations to be used in a specific allocation

instance are left to the operator to be pre-selected before the allocation starts.
2.6 Sheet Conceptual divisions

In the presented algorithm the stock sheet to be filled is divided
conceptually into four types of regions, on which different heuristic rules will be
applicable. As can be seen from Figure 2.10, the four subregions and the

currently tested heuristics related to them are as follows:

1) Main-space: The half perimeter of a sheet as suggested by Israni & Sanders{8]
to be filled with the First-Fit Decreasing heuristic, where pieces are
alternately allocated on the length and width to fill half the perimeter of the

sheet.
2) End-of-cycle space: To be filled by the First-Fit or Best-Fit heuristics.

3) Gaps between cycles: To be filled by a selected heuristic or combination of
heuristics from the following set: 1) First-fit-decreasing, 2) Best-fit-

decreasing, 3) Shift, 4) Merge spaces, 5) Largest rectangle, 6) Strips.

4) Reduced sheet: Where the divisions above are reconsidered in a recursive

manner.
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L. Main space
2. End-of-cycle space

P © R
_ I—

Figure 2.10 Sheet space division into four subregions.

2.7 The proposed solution algorithm

The flowchart of Figure 2.11 represents the major steps of the proposed

algorithm which are stated as follows:

I- The FFDLP heuristic is applied 1o the main space, which is detailed as

follows:
a. The original BOM is sorted by decreasing length of shapes.

b. The ordered BOM is then allocated onto the stock rectangle R along its

half-perimeter, starting at the bottom left corner.

¢. The pieces are allocated alternately along the length and width of R. If
the space left along cither dimension is too small for the next piece in

the sorted BOM, an end-of-cycle is reached.
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2. At the end of cycle a pre-selected heuristic, which in this case is either the
first-fit decreasing, or the best fit decreasing is used to fill the end-of-cycle

spaces.

3. Gaps generated between cycles are then considered for filling by one or more

of the previously suggested heuristics.

4. At the end of the previous step, the sheet is reduced in size and the above steps
from 1 to 3 are repeated in a recursive manner until the BOM becomes empty or
the sheet is completely packed, where at that time a new sheet is considered for

allocation.

5. Any left gaps or spaces are then considered to be waste.
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Figure 2.11 Two-dimensional shapes allocation algorithm flow chart.
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2.8 Software Development
2.8.1 Design Objectives

The designed software system takes into account that shop-floor level
operators are the intended users of such a system, that need to produce layouts
for large scale problems in short time. This implies the need for an easy to use
system that trades-off the optimality of the solution by its practicality. Therefore,
a user friendly interface is at its front end, a heuristic-based inference engine is in
its kernel, and since eventually, a layout of a set of pieces is to be produced by
this system, graphical visualization of the obtained layout is at its back end.

Since this system is intended to be a part of a decision supporting system
for a flame cutting machine, it has been made integrable to other modules like
the tool path generator. Also the output of this system is made transferable to the
industrially popular computer-aided-drafting package; AutoCAD® so that further
manipulations of the produced layouts could be made, in addition to the
utilization of its plotting capabilities.

2.8.2 Achievement Approach

A highly modular software package; that is flexible for future
enhancement has been designed. Such modularity permits the addition of more
human intuitive thoughts in laying out two-dimensional shapes, and other
practical layout constraints, into the already suggested algorithm easily. Further
more, the automation of heuristic selection could be easily incorporated into the

package.
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A computer program written in Microsoft Quick Basic® V4.5 was

developed to implement the proposed approach. The Quick Basic was chosen due
to its simplicity, high modularity, and sufficiency to handle the problem under
consideration.
2.8.3 System Architecture
To achieve the intended objectives the following modules have been
developed:
- User interface: It is a menu driven system that enables the user to interact with
the system; specifically, selecting the different functions that could be performed
by the system, entering problem specific data, like: raw material specifications,
BOM details, and selection of heuristics to be used for a given problem instance.
. Data editor: An interface to an already existing text editor has been
incorporated into the system to facilitate numerical data entry, and provide the
capability for future modification of such data. The text editor used is the popular
DOS Edit command available on any PC-based computer. Also interfacing to the
AutoCAD is considered for graphical data entry.
- Statistical module: This module performs some of the basic descriptive statistics
on the BOM to be allocated, to provide insight on the characteristics of the
shapes to be nested. It is also intended to use this module in the automation of

heuristic selection process, making use of the statistical characteristics of the

BOM to be allocated.

All Rights Reserved - Library of University of Jordan - Center of Thesis Deposit



28

- Heuristics module: The different heuristics to be used are entered by this
module, the user then has the capability to select from the installed heuristics at
later stages the ones to be used in a given allocation process.
-Allocation module: This is the inference engine of the system, where the actual
processing of the data is made through the application of the preselected
heuristics on the provided BOM. Waste handling is also provided through this
module. IF-THEN rules which are typical in a production system are used to
detect the applicability of any given heuristic at its relevant condition(s) of
application.
-Graphical visualization; The results of allocation are processed and displayed
graphically on the screen of the computer to provide the user with the obtained
Jayout. Also other useful information are displayed by this module regarding the
obtained allocation like: utilization rate, percentage allocation made, and the
processing time.
2.8.4 System Operation

The flowchart of Figure 2.11 illustrates the major steps in using the
approach. A human operator enters the data of the problem, then selects the
heuristics to be used, after that a solution is obtained automatically and inspected
by the operator, who accepts the solution or makes other trials by reselecting

other heuristics and/or other problem parameters.
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2.9 Test of the approach

Two tests are conducted to examine the performance of the suggested
algorithm, such that the results could be compared with previously published
results of rectangular allocation problems with nearly similar requirements and

constraints:

1) A random BOM generator (see Appendix A) based on a uniform distribution
has been developed and used to generate test samples with specified maximum
piece area to sheet area ratio, maximum aspect ratio of pieces, and maximum
permissible demand of a piece type. The generated samples were categorized into
seven classes based on maximum piece area to stock sheet area , where the aspect
ratio was kept at a constant value, as well as the sheet dimensions. Twenty
samples of each category were generated. Then different individual heuristics and
combination of heuristics were then applied to these BOM’s. The major
characteristics of the BOM’s used along with the results are given in the next
section. Figure 2.19 to Figure 2.25 represent typical layouts obtained by the
approach, where each one represents the first sheet allocation obtained for one

sample BOM from each category of the tested samples.

2) Another set of BOM’s was generated by sampling from a Beta distribution,
which assumes different shapes with different parameter values (see Appendix B)
to control the area distribution of pieces in a sample and to also control the aspect
ratio distribution in the same sample. The samples were categorized into nine

classes that represent the different possibilities of cases for area and aspect ratio.
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Also, twenty samples of each category were generated. The categories and the
corresponding results are given in the next section. Figure 2.26 to Figure 2.34
also represent typical layouts obtained, where each figure represents the first

sheet allocation of a sample BOM from each category of tested samples.
2.10 Experimental results

To assess the performance of the approach several indices for measuring
solution quality could be used. The most obvious one is the total waste produced
after allocating all the pieces in a BOM, calculated over fully packed stock
sheets. The other index that could be used also is the waste on the first sheet
allocated for a given BOM, rather than the total waste over all sheets. Since this
shows the ultimate potential of the approach, where it is focused on filling waste
regions, and when allocating the first sheet a relatively -to other subsequent
sheets- larger number of remaining unallocated pieces could be considered for
filling purposes. Also taking into account the practical concept of reusable scrap
(illustrated in Figure 1.1), packing density; which is the ratio of total area of
pieces in ; BroM to stock sheet area used, could also be utilized. The sheet area

used is defined as follows:

Sheet areaused= N4 - S (2.1)

Where N is the number of stock sheets used, 4 is the area of a stock sheet, and §

is the total reusable scrap generated.

All Rights Reserved - Library of University of Jordan - Center of Thesis Deposit



31

Where the reusable scrap area is accumulated based on a reusable scrap policy
[15}, specified as follows: a waste region is considered reusable if itcould

accommodate the average piece in the BOM to be allocated.

Thus the packing density (P.D.)becomes:

P.D=-—=—— (2.2)

Where g; is the area of a rectangular shape in the BOM to be allocated.

Also, computational time of allocation could be used to assess the performance of
the algorithm, especially when comparing it with approaches based on human
manual intervention in automatic layout solution approaches, or with pure

manual layouts production.

It was clear from the obtained results that combinations of heuristics
showed to out perform individual heuristics over the range of tested samples of
BOM’s. The effects of applying different heuristic rules, and their different
possible combinations are demonstrated on a sample BOM of 1/50 maximum
area ratio and given in Table 2.1. Figure 2.12 to Figure 2.17 illustrate some of

these results on the first sheet of each case.
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Table 2.1 Effects of using different heuristic rules on layout as applied to a
sample BOM with maximum area ratio =1/50, maximum aspect ratio =3,
and BOM 51ze —214 Stock sheet dimensions: 70 x 40 units.

Scrap % - Packing - Total Total ~ anure
i 1 ~on Ist Dggsﬂy_ scrap % Allocation N
. ' sheet 1 time (sec.) )< "N0:

1 | FFD 7.07 89.7 975 0219 2.12
2 | FFD+BE 3.50 91.32 5.59 0.281 2.13
3 | FFD+BF 279 95.23 434 0.492 -

4 | FFD+S 8.32 90.23 9.46 0.336 -

5 | FFD+M 1.64 06.43 3.16 0.664 -

6 | FFD+L 1.79 96.36 3.34 0.820 -

7 | FFD+BE+BF 1.43 9590 3.07 0.609 -

8 | FFD+BE+S 3.14 91.82 5.27 0.438 -

9 | FFD+BE+M 1.29 97.02 2.96 0.727 -

10 | FFD+BE+L 1.43 97.48 3.14 0.750 -

11 | FFD+S§+BF 3.11 94 95 4.48 0.609 -

12 | FFD+S+M 0.57 96.96 3.41 0.813 2.14
13 | FFD+S+L 1.21 97.24 3.20 0.938 2.15
14 | FFD+BE+S+BF 1.61 96.25 2.89 0.539 -

15 | FFD+BE+S+M 1.61 06.99 2.68 0.766 2.16
16 | FFD+BE+S+L 1.61 97.02 2.79 0.883 2.17

From Table 2.1, the best results as represented by the minimum total scrap
percentage are for the combination of heuristics that include the best fit of end of
cycles (BE), with shift(S) and merging regions(M) for gaps between cycles. Also,
very similar results are obtained when replacing merge regions(M) with the

largest rectangle region (L) find and fill rule.
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BOM Size : 211 [(1 Allocated Area
Sheet Area : 2800 Layout Optimization Unallecated Area
Alloc. Time: @.189 Cumulative P.D., =i 94.84 Cumulative Timne: B.189

#f Allocated: 62 Scrap ¥ “Sheet: 7.87 Cumulative Scrapx: 7.87

» Allocated: 29.8 Remaining Area: 199 Min. # Stock(s): 3
Cum . Plecs Areal 2602 Cum . Reuse.Aroal 33 Stock #: 1

Figure 2.12 Rectangular shapes layout of a BOM of 1/50 maximum area ratio using

FFD heuristic rule for main space allocations and end of cycle regions.

BOM Size : 214 [} Allocated firea
Sheet Area ! 28680 Layout Optimization Unallocated Area
Alloc. Time: B.1069 Cumulative P_. D, »#: 96.58 Cunmulative Time: 8.189

# Allocated: 65 Scrap » “Sheet: 3.58 Cumulative Scrap¥: 3.58

» Allocated: 38.4 Remaining Area!l 98 Min. # Stock(s): 3
Cum.Piece Area: 2782 Cum.Reuse.Area: 3] Stock #: 1

Figure 2.13 Rectangular shapes layout of a BOM of 1/50 maximum area ratio using
FFD+ best fit filling of end of cycle regions(BE).

BOM Size : 214 1 allocated Area
Sheet Area : 2868 Layout Optimization Unallocated Area
fAlloc. Time: 8.484 Cumulative P.D. »: 99.43 Cumnlative Time: 8.484

# Allocated: 99 Scrap ¥ “Sheet: 8.57 Cumulative Scrapx: 80.57

» Allocated: 42.1 Remaining Area: 16 Min. # Stock(s): 3
Cum .Piece Area: 2784 Cum.Reuse.Area: 5] Stock #t: 1

Figure 2.14 Rectangular shapes layout of a BOM of 1/50 maximum area ratio using
FFD+ Shift(S)+ merge waste gaps into larger regions then filling them(M).
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BOM Size : 214 Allocated Area
Sheet Area : 2800 Layout Optimization Unallocated Area
Alloc. Time: 8.547 Cunmlative P D, x: 98.79 Cumulative Time: 0.547

# Allocated: 88 Scrap ¥ /Sheet: 1.21 CumulativeScrap: 1.21

# hllocated: 41.1 Remaining Area!l 34 Min. ## Stock(s): 3
Cum.Piece Area: 2766 Cum.Reuse.Area’ a Stock #: 1

Figure 2.15 Rectangular shapes layout of a BOM of 1/50 maximum area ratio using
FFD + shift(S)+ get the largest rectangle waste then fill it(L).

214 1 allocated Area

BOM Size H

Sheet Area : 28808 Layout Optimization Unallocated Area
Alloc. Time: B.438 Cunuilative P.D. »x: 98.39 Cumulative Time: 6.438

# Allocated: 81 Scrayp ¥ “Sheet: 1.61 Cumulative Scrapi: 1.61

# Allocated: 37.9 Remaining Area: 45 Min. # Stock(s): 3
Cum.Piece Area: 2755 Cum.Reuse.Area: 5] Stock ##: 1

Figure 2.16 Rectangular shapes layout of a BOM of 1/50 maximum area ratio using
FFD+ shift(s)+ merge gaps & fill(M)+ best fit fill of end of cycle regions(BE).

BOM Size : 214 1 Allocated Area

Sheet Area : 2800 Layout Optimization Unallocated Area
Alloc. Time: 0.508 Cumulative P.D. ¥: 98.39 Cumulative Time: 8.588

# allocated:! 81 Scrap ¥ “Sheet: 1.61 Cumulative Scrapx: 1.61

% Allocated: 37.9 Remaining fArea: 45 Min. # Stock(s): 3
Cum.Piece Area!l 27353 Cum.Reuse.firea: a Stock #: 1

Figure 2.17 Rectangular shapes layout of a BOM of 1/50 maximum area ratio using FFD
+ shift(S)+ largest rectangle find & fill (L)+ best fit fill of end of cycle regions(BE).
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Figure 2.12 illustrates the layout without any gaps filling heuristics except for
end of cycle regions were the first-fit-decreasing was used. The total waste
obtained is relatively large as one would expect. Figure 2.13 shows the effect of
filling the end-of-cycle regions with best-fit-filling rule, where an improvement
on the waste is introduced. Figure 2.14 and Figure 2.15 show the effect of
combining two heuristic rules for filling gaps between cycles. Their results also
show improvement especially on the first sheet as given in Table 2.1. However,
the total waste could still be improved upon as Figure 2.16 and Figure 2.17 show,
where best-fit-fill of end-of-cycles is combined with the two previous rules to get

better total waste, even though the waste on the first sheet increased.

It was noted that over the range of tested samples the following
combination dominated the others in the quality of the layout obtained as
measured- by the total waste: Best-fit-decreasing for filling end of cycle regions,
and Shift combined with Merging of spaces, and Shift combined with Largest
rectangle being nearly equivalent for filling the Gaps between cycles. Table 2.2
and Table 2.3 represent the results obtained for the two tests performed using the
latter combination of heuristics. The last column in both tables show the results
obtained by Israni and Sanders [8} for their FFDLP algorithm with human
intervention to fill the gaps generated during allocation, and the results for Israni

and Sanders[15] respectively.
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It was difficult to directly compare the results of this work with previous
research results since no faithful common bases for comparison purposes could
be found, due to differences in constrains and requirements of layout problems
published. Nevertheless, a number of examples (shown in Table 2.2) with
characteristics that match those of the examples presented by Israni & Sanders
[8] was generated. However, the results of [8] were reported for three trials of
each category as shown in the last column of Table 2.2. Whereas results of this
work are presented for twenty trials of each category since this is -relatively-
more faithful in characterizing the performance of the algorithm, since an
analytical evaluation of performance of such a heuristic approach could not be
easily derived [15]. Furthermore, if the obtained results were reported for three
trials only, we could have seen better -but not reliable- results than those
reported in [8]. To demonstrate this, the detailed runs given in Table 2.4 for
maximum area ratio of 1/100 are presented, where it can be seen from the first
three trials that the scrap rate is zero. Then adopting these results to represent the

performance of the algorithm is totally incorrect and misleading.

Figure 2.18 shows the allocation obtained by the presented approach using
a BOM that was used by [8], were they got a 0.46% scrap on the first sheet (the
fully packed sheet in this case), and using the suggested algorithm a 0.14%
scrap was obtained. The details of the BOM (length, width, demand)is as
follows: {(14,4,10), (11,4,7), (10,4,10), (9,5,11), (8,3,1), (7,6,10), (7,5,4),
(7,4,6), (7,3,5), (6,5,1), (6,4,7), (6,3,8), (6,2,5), (5,4,5), (5,1,9), (4,3,7), (4,2,4),

(3,214), (3,1,5), (2,1,6)}. The stock sheet dimensions are: 70x40 units,
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Figure 2.18 A fully packed sheet using a sample BOM from [8].
(a)Allocation as obtained using the suggested algorithm. Scrap rate is 0.14%.
(b)Allocation using the algorithm of [8]. Scrap rate is 0.46%.

The same note for the number of trials given for the first set of results holds also
when comparing results of the proposed approach with the results of [15]. Where
outcomes for twenty trials on each category are reported in Table 2.3; however,

the results of { 15] were reported for four trials only.
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Table 2.2: Randomly generated BOM’s from a uniform distribution and their allocation
results using the proposed filling heuristics*.

Max, | Number | Average | Average | Average Avcrage Average | Average || Average
arca | oftrials BOM number number | allocation | packing scrap% Scrap%
ratio | (BOM’s) size of picces | of sheets time density% b by:[8]+
tvpes (scC)ee
17200 20 487 10 2 1.61 99.90 0.14 -
1/100 20 311 19 2 1.20 99.03 0.84 1.36
1/50 20 265 20 3 1.20 97.08 2.84 0.62
1720 20 132 20 4 0.49 94.51 4.97 -
1/10 20 84 14 5 0.39 92.14 7.06 574
1/6 20 57 10 6 0.28 87.44 13,13 9.04
1/4 20 36 Il 9 0.28 85.08 16.20 11.96

* All BOM’s have a max. aspect ratio of 3.
*+ On a PC 486 DX2

w«* Scrap % is calculated on fully packed sheets over 20 trials.
& Scrap % is calculated on fully packed sheets over 3 trials.

Table 2.3: Randomly generated BOM’s from Beta-distribution and their
allocation results using the proposed filling heuristicse.

Number | Arca | Aspect Average Average Average Average Average
# of trials ratio ratio number of number | allocation ] packing packing
(BOM’s) | status | status | pieces types of time (sec) | density density by
sheets i % (LD ™ [15]
| 20 5 ) 61 3 0.40 93.65 94.30
2 20 S M 73 3 0.40 95.71 97.59
3 20 s L 59 4 0.46 96.00 97.28
4 20 M S &3 15 0.63 89.05 89.82
5 20 M M 90 14 0.55 91.81 91.99
6 20 M L 53 15 0.71 92.76 92.43
7 20 L S 60 37 0.63 72.39 70.13
8 20 L M 73 29 0.71 80.47 76.54
9 20 L L 29 26 0.63 88.92 85.35
S: Small M: Medium L: Large

»  All BOM's have a size of 100 pieces.
»+* (L1) Decreasing length perpendicular strip packing with human intervention. Packing Density calculated over 4 trials/ category.

=« Ona PC 486 DX2
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Table 2.4: Detailed results for Allocating 1/00 area-ratio pieces:

# BOM Varicty Total Packing No. of Time
Size Scrap % ** | Density % { Sheets (sec) »

1 357 19 00.00 99.37 2 1.258
2 407 19 00.00 99.33 2 1.984
3 394 19 00.00 99.86 2 1.641
4 279 20 00.00 99.25 2 0.930
5 279 19 00.00 99.30 2 0.980
6 236 19 00.18 99.45 2 0.719
7 222 19 00.18 99.74 2 0.602
8 324 19 00.46 99.36 2 1.539
9 309 19 00.50 98.62 2 1.211
10 329 19 00.64 99.16 2 1.102
11 224 19 00.68 98.96 2 0.632
12 454 19 01.00 99.49 3 2.301
13 381 19 01.04 98.38 2 1375
14 232 18 01.32 98.57 2 0.820
15 194 19 0L1.46 98.14 2 0.488
16 292 19 01.75 98.84 2 1.219
17 331 19 01.82 98.45 2 1.313
18 327 19 01.89 97.97 2 1.383
19 253 19 01.96 98.36 2 0.934
20 400 19 01.98 99.50 3 1.594
Averages 311 19 00.84 99.03 2 1.20
* On a PC 486 DX2 «* Scrap % is calculated on fully packed sheets

As can be deduced from Table 2.2, generally it is concluded that the
approach is practically efficient, especially for large scale problems. And its
performance degrades as the piece-to-sheet area-ratio increases, which is natural,
since the ability to maneuver larger area pieces is more restricted than smaller
pieces, furthermore size mismatch among larger pieces produces larger scrap
regions that could not be filled by other large pieces. But still the obtained figures

for scrap rate are well below those practically accepted in industry[15]. Itis
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apparent that the presented approach gives remarkably better results in cases of
large number of sheets, which is an expected result, since a human operator could
not comprehend such large scale problems effectively. It is also worth mentioning
that the performance of the algorithm becomes superior when the distributton of

piece areas is smooth, i.e. with no abrupt changes in areas.

In both sets of tests the algorithm proves to be efficient in terms of

computational time, especially for large scale problems as the reported results

for the time of allocation in both Tables 2.2 and 2.3 show. This is contrasted to
the fact that the time required for laying out pieces when human intervention is
permitted, is highly dependent on the skill of the operator, and ranges from ten
seconds to few minutes per stock sheet, and may extend to hours if large number
of sheets with different sizes are to be tried [27]. Furthermore the trim losses in
such cases could be significantly large. Figure 2.19 to Figure 2.34 are

representative layouts for the first sheet for each category in Table 2.2 and Table

2.3.

BOM Size : 325 El Allocated Area
Sheet Area : 2808 Layout Optimization i Unallocated Area
Hlloc. Time: B8.689 Overall P.D. «: 99.93 Total Time: 0.6899

# Allocated: 324 Scrap » /Sheet: 9 .a7v Total Scrapx: 8.87

» Allocated: 99.7 Remaining Area: 2 Min. # Stock(s): 2
Cum.Piece Area: 2798 Cum.Reuse.Area: a Stock #: 1

Figure 2.19 Rectangular shapes layout of a BOM with 1/200 maximum area ratio.

All Rights Reserved - Library of University of Jordan - Center of Thesis Deposit



41

BOM Size : 389 7] Allocated Area

Sheet Area @ 2888 Layout Optimization Unallocated Area
filloc. Time!: 1.839 Overall P.D. »: 99.58 Total Time: 1.839

# Allocated: 193 Scrap » /Sheet: 86.508 Total Scrapx: 8.58

% fllocated: 62.5 Remaining firea: 14 Hin. # Stock{(s): 2
Cum.Piece Area: 2786 Cum.Reuse.firea: a Stock #: 1

Figure 2.20 Rectangular shapes layout of a BOM with 1/100 maximum area ratio.

BOM Size : 220 Allocated Area

Sheet fAirea : 2000 Layout Optimization Unallocated firea
filloce. Time: B8.438 Overall P.D. %#: 98.75 Total Time: 8.438

# Allocated: 78 Scrap » /Sheet: 1.25 Total Scrapx: 1.25

# Allocated: 35.5 Remaining Area: 35 Min. # Stock(s): 3
Cum.Piece firea: 2765 Cum.Reuse.Area: a Stock #: 1

Figure 2.21 Rectangular shapes layout of a BOM with 1/50 maximum area ratio.
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BOM Size : 118
Sheet Area 2860 Layout Optimization

Alloc. Time: B.219 Overall P.D., %: 95.89

% Allocated: 48 Scrap » /Sheet: 4.11
# Allocated: 36.4 Remaining Area: 115
Cum.Piece Area: 2685 Cum.Reuse.Area: a

Figure 2.22 Rectangular shapes layout of a BOM with 1/20

C] Allocated Area
Unallocated Area

Total Time: @.219
Total Scrapx: 4.11
Min. # Stock(s): 3
Stock #: 1

maximum area ratio.

BOM Size : 51
Sheet Area 2888

Layout Optimization

Alloc. Time: 8.847
# Allocated: 14
# Allocated: 27.5
Cum.Piece Area:

Overall P.D. #: 95.88

Scrap # /Sheet: 5.898

Remaining Area: 148
2668 Cum.Reuse.Area:’ B8

[ allocated Area
Unallocated Area

Total Tine: 0.847
Total Serapx: 5.88
Min. # Stock(s): 3
Stock #: 1

Figure 2.23 Rectangular shapes layout of a BOM with 1/10 maximum area ratio.
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BOM Size : 42 Allocated Area

Sheet fAirea ! 2800 Layout Optimization Unallocated Area
Alloc. Time!: 8.109 Overall P.D. »: 98.14 Total Time: 8.189

# Allocated: 13 Scrap ¥ /Sheet: 9.86 Total Scrapx: 9.86

% Allocated: 31.0 Remaining Area: 276 Min. # Stock(s): 3
Cum.Piece Area: 2524 Cum.Reuse.firea: (4] Stock #: 1

Figure 2.24 Rectangular shapes layout of a BOM with 1/6 maximum area ratio.

BOM Size : 65 fillocated Area

Sheet fAAirea : 2860 Layout Optimization Unallocated Area
Alloc. Time: 8.189 Overall P.D. «: 93.88 Total Time: 8.189

# Allocated: 18 Scrap ¥ /Sheet: 7.68 Total Scrapx: 7.88

# Allocated: 27.7 Remaining Area: 196 Min. # Stock(s): 6
Cum.Piece Area: 2684 Cum.Reuse.fArea: e Stock #: 1

Figure 2.25 Rectangular shapes layout of a BOM with 1/4 maximum area ratio.
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BOM Size : 180 Allocated Area
Sheet Area : 2896 Layout Optimization Unallocated Area
Alloc. Time: 0.847 Querall P.D. %I 96.46 Total Time: 08.847

#t nllocated: 8 Scrap ¥ “Sheet: 3.54 Total Scrap#: 3.54

# fillocated: 8.0 Remaining Area: 99 Min. #f Stock(s)>: 13
Cum.Piece Area: 2701 Cum.Reuse .Area: a Stock #: 1

Figure 2.26 Rectangular layout of a BOM with medium area ratio & medium aspect ratio

BOM Size : 1068 [ Allocated Area

Sheet Area ! 2800 Layout Optimization Unallocated firea
Alloc. Time: B.855 Overall P.D. »: 97.29 Total Time: .855

# Allocated: S Scrap # Sheet: 2.71 Total Scrapx: 2.71

¥ Allocated: 5.8 Remaining Area: 76 Min. # Stock(s): 13
Cum.Piece Area:’ 2724 Cum.Reuse.fArea: a Stock #: 1

Figure 2.27 Rectangular layout of a BOM with medium area ratio & large aspect ratio.

BOM Size H 181 (] Allocated Area
Sheet Area : 28008 Layout Optimization Unallocated Area
Nlloc. Time: 0,109 Querall P.D. »x: 97.88 Total Time: @&.189

# Allocated: 7 Scrap ¥ “Sheet: 3.08 Total Scrapx: 3.09

# Allocated: 6.9 Remaining Areal 84 Min. # Stock(s): 13
Cum.Piece Area: 2716 Cum.Reuse.firea: 2] Stock #: 1

Figure 2.28 Rectangular layout of a BOM with medium area ratio & small aspect ratio.
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BOM Size H 186

Sheet Area : 2880 Layout Optimization
Alloc. Time: 8.863 Overall P.D. »x: 94.29

# Allocated: 4 Scrap ¥ “Sheet: 5.71
# Allocated: 3.8 Remaining Area: 160
Cum.Piece Area: 2648 Cum.Reuse.Area!l a

] Aallocated Area
Unallocated Area

Total Time: 0.863

Total Scrapx: 5.71
Min. # Stock{(s): 23
Stock #: 1

Figure 2.29 Rectangular layout of a BOM with large area ratio & medium aspect ratio.

BOM Size : 108

Sheet Area 28600 Layout Optimization
Alloc. Time: B.B63 Overall P.D. x: 98.93

# Allocated!: 4 Scrap # “Sheet: 1.87
¥ Allocated: 4.0 Remaining Area: 38
Cum ,.Piece Area: 2778 Cum.Reuse.Area! a

[ Allocated Area
Unallocated Area

Total Time: 6.863
Total Scrap+: 1.87
Min. # Stock(s): 23
Stock #t: 1

Figure 2.30 Rectangular layout of a BOM with large arca ratio & large aspect ratio.

BOM Size
Sheet Area

: 101
H 28008 Layout Optimization

Alloc. Time: B8.189
# Allocated: 4
“ Allocated: 4.8
Cum.Piece fArea:

Overall P.D. x: 860.541

Scrap ¥ “Sheet: 19.46
Remaining Area: 545
2255 Cum.Reuse.Area: e

[ Aallocated Area
Unallocated Area

Total Time: 0.189
Total Scrapi: 19.46
Min. # Stocki(s): 23
Stock #: 1

Figure 2.31 Rectangular layout of a BOM with large area ratio & small aspect ratio.
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BOM Size : 188
Sheet Area 2800

Layout Optimization

Overall P.D. x: 99.78

Scrap ¥ /Sheet: 4.93

Remaining Area: 138
2662 Cum.Reuse.Area: 139

Alloc. Time: B8.227
# Allocated: 28
» Allocated: 235.9
Cum.Piece Area:

£l Allocated Area
Unallocated Area

Total Time: 8.227
Total Scrap»x: 4.93
Min. # Stock(s): 3
Stock #: 1

Figure 2.32 Rectangular layout of a BOM with small area ratio & medium aspect ratio.

BOM Size : 164
Sheet Area ! 2868

Layout Optimization

Overall P.D. »x: 98.71
# Allocated: 25 Scrap ¥ Sheet: 1.29
% fillocated: 24.9 Remaining Area: 36
Cum.Piece Area: 27641 Cum.Reuse.Area: a

Alloc. Time: B.164

] Allocated Area
Unallocated Area

Total Time: 6.164
Total Scrapx: 1.29
Min. # Stock(s): 3
Stock #: 1

Figure 2.33 Rectangular layout of 2 BOM with small area ratio & large aspect ratio.

BOM Size : 168
Sheet Area 2800

Layout Optimizatian

Overall P.D. »: 97.61

Scrap ¥ Sheet: 2.39

Remaining Area: 67
2733 Cum.Reuse.Area: a

Alloe. Time: 0.219
#t Allocated: 29
» Allocated: 29.0
Cum.Piece firea?

O Allocated firea
E1 Unallocated Area

Total Time: ©0.219
Total Scrapv: 2.39
Min. B Stock(=sl: 3
Stock #: 1

Figure 2.34 Rectangular layout of a BOM with small area ratio & small aspect ratio.
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2.11 Conclusions

From the results presented in Table 2.2 and Table 2.3, and as illustrated by
Figure 2.19 to Figure 2.34 it can be seen that the approach presented previously
has succeeded in eliminating the manual human intervention, but not his intuitive
thoughts. Simultaneously the scrap, and utilization figures are nearly kept at the
same levels of previous approaches if not enhanced. The approach is much more
promising for large scale problems and similar ideas could be applied for
irregular shapes allocation. The different characteristics of the BOM affecting the
performance of the approach requires more research, and is suggested for future
work.

Only a few of used human strategies were tested in this work to show its
potential, and to compare it with already published results.

Automating the selection of filling heuristics at different strategic points of
allocations based on BOM characteristics could be suggested as an improvement
on the approach (Fuzzy Logic could be considered for such reasoning process), in
addition to identifying and including more human intuitive thoughts.

Treating the rectangular shapes layout separately from the irregular shapes
is deliberately made to take advantage of the simplicity in rectangular shapes
representation alone, also due to, relatively easier functions needed to position
and rotate such shapes. It has also been noted that throughout literature there has
been arare mixing of the two problems[2,31,32]. Also the assumption of infinite
Iength sheet in the case of irregular shapes allocation -to be treated in the next

chapter- obligates such distinction in this research.
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Chapter 3

Two dimensional irregular shapes allocation

3.1 Introduction

The problem of allocating (nesting) two-dimensional irregular shapes on a single
sheet or plate of raw material is of theoretical and practical importance. However,
it hasn’t been given so much attention in literature, as the rectangular shapes
version of the problem. On the other hand, although algorithms have been
developed for irregular parts nesting, very few of them have been published due
to commercial confidentiality [9].

In addition to the wide existence of this problem in sheet metal industries,
it is a major problem in textile, leather and wood industries among others. The
mass production in sheet metal industries is the immediate justification for the
quest of waste reduction, through better shapes nesting, since the raw material
cost is relatively cheap. However, in the textile, leather and wood industries the
relatively higher cost of raw materials is the prime factor, in addition to the mass
production effect.

These facts combined with our objective of constructing a flame cutting
machine capable of automatically cutting, in an efficient way, different two-
dimensional geometrical shapes, motivates our work on developing an automatic

nesting algorithm for irregular shapes, in addition to the rectangular nesting
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algorithm presented previously. Thus the machine becomes served by automatic
nesting modules as a decision supporting system.

3.2 Literature review & currently available solution approaches

The literature review for this problem -as will be presented- and the field
visits made to a number of local industrial companies, show that the approaches
developed and practiced so far for solving this problem, could be grouped in
three categories:

1. Manual approaches:

a) A human operator makes use of templates (patterns), made of cardboard or
metal, that are 1:1 scaled to actual sizes of pieces to be cut. The operator
manipulates these patterns over a working table within the boundaries of raw
material, making several trials to reach an arrangement of the pieces that seems
to have an ‘optimal” nesting, i.e. minimum possible waste[33].

b) In another approach, although a computer is used to improve accuracy and
efficiency, descriptions of pieces are filed and processed by the computer. A
plotter produces copies of the pieces (scale is not necessarily 1:1). The pieces are
cut out and arranged manually into frame representing the stock material. The
locations of the arranged pieces are then fed back into the computer by terminal
or digitizing table. The final nesting drawing is then generated by the computer
on a graphic device [23].

¢) In the third approach, nesting is carried out using an interactive computer
graphics system. The pieces and raw material sheet are displayed on the screen,

the operator manipulates (translate, rotate, flip...etc.) pieces using an input device
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such as light pen, joystick, mouse...etc. During the nesting process the computer
continuously checks overlaps and other possible constraints, and calculates the
waste or utilization achieved. Like pure manual nesting several trials and
manipulations need to be performed by the operator to reach a seemingly
satisfactory allocation [33].

2. Automatic approaches:

a) Random generation of feasible nesting cited in [23] with no further details.

b) A two-stage computer algorithm is used, where in such approach the problem
is converted from one of placing irregular shapes into allocation of rectangular
modules. These modules are obtained, in general, from the rectangular enclosure
for various clusters of irregular and rectangular pieces in a first stage. Then in the
second stage, one of the approaches for solving the rectangular nesting problem is
utilized to get a final allocation of these rectangular modules {31, 34, 35].
Although these approaches have been successful in handling specific cases of the
general problem their approach; however, has resulted in procedures that are
marginally useful for applications with small number of pieces when an exact
ordering of the pieces is required, cited in[33].

¢) A third class of the automatic approach, where a procedure 1s defined, which
searches for an optimal arrangement by operating directly on the irregular shapes.
They are based on a set of heuristic rules used by deterministic sequential
placement techniques; once a piece has been placed in a certain position, it will
not be reconsidered any more in respect to any consideration that may result

later, cited in {33].
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d) A scarch-space approach for solving the problem was suggested in [33].
Where a prefixed placement policy; namely the left-most-lowest allocation was
used as a placement heuristic, in addition to a number of simplifying assumptions
to reduce the size of the solution space. An evaluation function based on the
minimum added waste at each stage was used to select the next piece to be
placed. The work was applied directly on the imregular shapes without any
rectangular enclosures or approximations.

e) A heuristic approach based on representing the irregular shapes by few non
overlapping rectangles was presented in [25]. Allocation of pieces is then
performed on subregions of the stock sheet, that are either horizontal or vertical
strips. The piece to be allocated at each step is chosen by an evaluation function
that selects the piece that covers most of the waste area in the minimum
enclosing rectangle of the previous piece allocated. The process continues in
strip-filling approach until the sheet is fully packed or the BOM is empty.

f) Also another heuristic approach was presented in [2]. The approach is claimed
to have the capability for processing both rectangular and irregular shapes. The
algorithm is a two-stage hierarchical approach that deals with multi-plate
allocations. In the first stage, initial allocation of shapes to different raw material
plates is made through mathematical programming, then based on the results of
this stage, detailed allocation is made through heuristic priority rules based on

certain shape features.
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g) Recently, approaches based on simulated-annealing schemes are being
suggested, and they are still under investigation. There hasn’t yet enough
practical experience gained with such methods[17, 36].
h) Kopardekar et.al.[24] claimed that utilization obtained by automatic nesting
approaches is lesser or no better than layouts generated by humans. Therefore,
they suggest that an approach based on identifying human intuitive thoughts
involved in laying out irregular parts should be investigated. Based on extracting
such thoughts one could devise a new heuristic approach that would yield better
layouts. These notes by Kopardekar et. al. were actually the basis on which the
proposed approach presented in chapter two -for rectangular shapes nesting- is
developed. And they will still affect the suggested approach to solve the irregular
shapes nesting problem, as will be presented later in this chapter. |
3. Semiautomatic approaches:
To alleviate shortcomings of previous approaches a hybrid approach is proposed,
where a tentative automatic solution is generated, then improved upon by human
interactive intervention. It is the belief that the human flexibility in recognizing
matched patterns in very short time, and the capability to handle special cases, is
the motivation for these approaches [21].
3.3 Discussion of previous approaches & motivations for a
heuristic based solution approach

Manual approaches depend greatly on the skills and patience of the human
operators. Their results degrade greatly for medium to large scale problems. Even

though good quality results could be achieved in such approaches, they are time
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factorially with the depth of the search, as will be shown later. Finally more
research on problem representation and procedures for solving it is needed[15].
3.4 Representing spatial knowledge

Reasoning about space is considered to be challenging from
computational and representational perspectives [38]. The physical space of this
problem has two dimensions, and the variables that govern the allocation of one
piece in such a space are continuous; namely its position specified by the x and y
coordinates of a shape reference point, and the orientation (6). Thus a piece has -
theoretically- an infinite number of possible positions and orientations for
placement even though they should be placed within a finite sized resource of
raw material, and they should not overlap. The shapes themselves are irregular,
this complicates any positioning process since complicated algorithms are needed
to make sure a piece is placed in a legal position (i.e. within the boundaries of the
raw material and without overlapping or intersecting any other piece or forbidden
region in the raw material). Thus spatial inference often requires quantitative
reasoning involving geometric relations to represent the real object boundaries, to
calculate distances, areas and angles. Also qualitative reasoning is required to
govern topological relations such as touching, overlapping and containment[38].

3.5 Problem representation

A state-space representation is a general representational scheme, that not
only aids in problem solution, but also is useful in visualizing and analyzing
problem complexity. Furthermore, such representation could be used to predict

the behaviour of proposed search algorithms [37].
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In this representation a graph structure, shown in Figure 3.1, is used,
which consists of nodes and links identifying states and actions respectively in

problem solving process.

Initial

a
state Goal

state(s)

{a,b,c,d,e} Path G Node(state)

{a,b,cf,g.a} Loop(cycle) — Link (transition rule)

Figure 3.1 A typical problem state space graph, with basic terminology.

3.5.1 State space representation of the
two-dimentional irregular shapes nesting
The two dimensional irregular cutting-stock problem could be cast
tn a state-space-search representation as follows:
- a node in the graph -a state in problem solution- is a partial allocation
of pieces on the raw material, Figure 3.2 illustrates the idea.
- a link in the graph - an action in problem solution- which is also known as a
transition rule from state to state in problem solution, is the possible subsequent

Iegal allocation, governed by the application of:
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- Positioning rule: which determines at what (x, y) coordinates of a shape’s
reference point a piece could be placed without violating containment and
overlap constraints.

- Orientation rule: which determines at what angle (#) a shape could be placed.

- Flip rule: if the piece could be flipped about a horizontal or a vertical axis then
this rule determines its possible orientation.

- Next piece selection rule: that determines which of the not yet allocated pieces
should be considered for placement on the raw material.

- Other application specific rules: in different industries specific constraints may
be introduced to the set of transition rules; in natural leather industry and in
textile industry for example, some pieces are restricted to be placed at certain
parts of the raw material. In other cases, some regions of the raw material could
be defective, and therefore pieces should not be placed on them. These
application specific restrictions are not dealt with in this work, but are mentioned
to show the flexibility in adding constraints in such representation.

Moving from one state to any other subsequent state is equivalent to
allocating a new piece from the set of unallocated pieces at a specific legal
position and in a legal orientation. Legal position means in this context that the
piece if fully contained within the boundaries of the raw material (containment
constraint), and it does not overlap any of the previously allocated pieces
(overlap constraint). Legal orientation comes from the fact that in some
applications piece placement is restricted to a limited number of orientations; like

in textile industry, where the fabrics have directional properties.
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To complete the representation of the problem solution as a searchina
graph, the initial node and the final node (goal node) should also be defined. The
initial node could be considered the empty raw material with no piece allocated
yet. The goal node is then defined as the state with all the pieces allocated on
the raw material and that has the minimum total waste or equivalently the
maximum raw material utilization. Following these definitions, a leaf node -
which may or may not be a goal node- is a state with all pieces allocated, but

does not necessarily have the property of minimum total waste. Figure 3.2

illustrates the proposed problem representation. BOMof3
picces g
Piece 1 at different — Empty resource _\@
position @\\]

Piece 1

[ T O

Figure 3.2 Representation of irregular shapes nesting as a state space graph.
A very small portion of the whole graph of three pieces allocation is shown,
One piece is tried at two different legal positions, and at two different possible
orientations
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This representation introduces an infinite state space. Furthermore, it is
apparent from Figure 3.2 that such a representation has cycles where it is possible
for a path to loop endlessly through a sequence of nodes.

3.5.2 Simplifying assumptions

To overcome the deficiencies in the proposed representation, the following
simplifications and restrictions are introduced:
1-When trying to position or orient any given piece at any stage of the problem
solution a pre-specified positioning and orienting increment step is used. This
converts the positioning and orienting processes from continuous to discrete
space. Thus the state space is drastically reduced and becomes finite, but still
explosively growing as will be discussed later. This assumption is with practical
compliance, since eventually for any automated cutting facility -as the intended
flame cutting machine- there is a limited positioning precision expressed usually
by its basic length unit(BLU).
2-The placement of pieces should start at the lower left corner of the raw
material. This restriction introduces directional properties on the whole allocation
process; where the general flow of allocation becomes from left to right, and
from bottom to up, thus systematic allocation could be realized. In most of the
previous researches such an assumption has been introduced, even in the
rectangular shapes problems - as previously presented in chapter two-.
3-Then it progresses by adding a subsequent piece that should touch the
boundary of a previously allocated one. This restriction tends to pack the pieces

in such a way that tries to reduce the introduced waste at any allocation stage.
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The last two restrictions eliminate loops in the representation, and the
graph is converted into a free as shown in Figure 3.3, with some expense, where
redundancy is introduced (i.e. some nodes could be repeated). Thus the problem
representation becomes a finite state-space tree as Figure 3.3 shows, and the
solution space becomes reduced drastically, with no more guarantees of

optimality on the solution to be obtained.

Y

& aa
T TS
A

M 3o

Figure(3.3): The irregular shapes nesting as a state space tree.
Part of the tree is shown only.

The problem solution becomes the process of finding the sequence of
allocations to be performed on pieces until all the pieces are placed, and at the

same time waste is kept at minimum possible levels. This process is equivalent to
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finding the path in the state-space tree that will lead to the goal state, which is
expected to be one of the leaf nodes.
3.6 Insight on problem complexity

From the previous problem representation an attempt to give insight on
its complexity is presented as follows:
Assuming that the allocation process consists of three decisions to be made: the
first one is to answer the question “Which piece to select and allocate at each
node?”, the second is to answer the question “Where to position that piece?”, the
third is to answer the question ‘In what orientation to place it?”, then denoting
the size of the bill of material (BOM) to be » different shapes. At initial node
(zero level of the tree) no pieces are allocated, and any of the » unallocated
pieces has an equivalent opportunity to be selected. Assuming that by using a
certain oracle a piece has been chosen, and placed somewhere in some
orientation satisfying all problem constraints. At the next tree level there will be
(n-1) pieces left to select from. At the subsequent level (n-2) pieces will remain
to select from, and so on. Thus at each level one piece of the remaining
unallocated pieces is selected. Consequently this will result in an (n/) process
complexity, for just the selection of piece process. As for the positioning rule, a
piece could be placed any where within the boundaries of the raw material on a
continwous scale for positioning and orientation. But making use of our
previously presented simplifying assumptions, the number of possible positions
for a given piece becomes dependent on:

- the size of the piece to be placed,
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In the suggested representation the depth of the tree is d =n where all pieces
become allocated. And since the estimated number of nodes at any tree depth(d)

is given by: number of nodes at level (d) = Ed (3.2)

Then the estimated number of paths in the tree = number of nodes at d= n and 1s:

B =+ 1)1 (3.3)
2)Another estimation of the number of paths that could be generated in this
representation could be obtained as follows:

At d=0 we have 2n possible choices; for each we get 2(n-1) at d=1; then for each
of them we have 2(n-2) at d=2...continuing until d=n-1 then the number of paths
developed becomes:

20*2(n-1)*2(n-2)*...*2(n-(n-1)) = 2".n! (3.4
Table(3.1) illustrates the growth rates of such space as a function of the size of
the problem.

Realizing that in our case where the number of possible positions and
orientations are much larger, then it is apparent that the solution space of this
problem is extremely large, which prohibits the consideration of any exhaustive
search approach from being used to solve the problem, even with recent
computational technology. Thus a heuristic search method is justifiable, and it
would prune as much as possible of the solution space and direct the search

towards most promising paths.
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Table(3.1): Estimated number of paths in the state
space as a function of the number of different
shapes in the BOM.

1 2 2
5 7776 3840

10 2.6x10" 3.7x10°
15 1.2x10" 4.2x10'
20 2.8x10% 2.6x10%*

3.7 A heuristic solution approach

A heuristically informed search approach makes use of domain specific
knowledge to reduce the search space. Knowing more about a problem, and
utilizing such knowledge, can significantly improve the chances of reaching a
goal state more quickly, rather than considering a large number of states and
rejecting many of them before reaching that goal.

To devise a heuristic search we need to define a measure or an evaluation
function, that would estimate how close a given node or state to the goal. Such a
measure would direct the search such that most promising paths are visited first,
which hopefully will lead faster to the goal. Such heuristic approach is supposed
to perform well in practice, but provides no guarantees on the optimality. It is
generally judged to perform well more than not, since it is based on human
intuitive thoughts and rules of thumb that practically have proven successful in

most cases.
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3.7.1 The proposed heuristic approach

The suggested heuristic approach is based on a “Hill Climbing” technique
[38], in the sense that at any visited node, only the child with best value of the
evaluation function is kept and further explored. By no means such an approach
guarantees a global optimal solution, furthermore, by using this approach a single
path is elected in the solution process that is hopefully of good quality i.¢. at
complete allocation it gives minimum waste. Such a search is basically of the
breadth-first search approach. It is a data driven (forward chaining) search.

The steps of the proposed approach are given as follows:

1. Allocation starts at the lower left corner of the raw material.
2. The inference rules are applied on all unplaced pieces, and thus all possible
succeeding allocations are generated as follows:

a. For each unplaced piece all possible orientations (including flips) are
determined.

b. For each orientation of each unplaced piece all possible positions are
searched for by sweeping the piece along the boundary of the exposed-
part-for-allocation of the previously allocated pieces except for the
corner piece. The sweeping is made in increment steps with the
increment prefixed at the beginning of the algorithm. At each position
checking are made to make sure a piece is being placed in a legal

position.

3. The evaluation function is applied on all the generated nodes of step 2.
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4. The one with the best evaluation function is selected. Any ties are broken
according to a number of conflict resolution rules to be presented later.

5. The selected piece is removed from the list of unallocated pieces and placed in
the list of allocation.

6. The added shape is combined with previously placed shapes into a temporary
hypothetical shape (the reason for this combination is explained later).

7. Any generated wasle region is collected and considered for allocation by the
largest unallocated piece that may fit within this region. Where a waste region is
defined as the closed region surrounded by allocated pieces and/ or sheet
boundaries.

8. Steps 2 to 7 are repeated until all pieces are allocated.

It is worth mentioning that backtracking is not considered in this
algorithm; even though, it’s believed that it would enhance the performance of
the approach. The reason for that is mainly due to the large amount of
information, that are needed to be saved for a visited node so that backtracking
could be made for it from any other descendant node in the tree. Therefore,
optimality is not guaranteed, bu; hopéfully a good quality solution could be
obtained in a fast manner. Thus the solution is greatly affected by the quality of
the evaluation function to be used.

3.7.2 The evaluation function

Since it is required to minimize the overall waste, the optimal path to be

searched for, is the one with the total minimum waste. To preserve the

admissibility of a heuristic search (ability to reach an optimal solution if it exists)
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an evaluation function of the form f{n) = g(n)+h(n) should be used[38]. Where
n is a node in the state space, g(n) an estimate of g(n) the least cost from root
node to node n, Anjan estimate of h(n), the least cost from node # to the goal
node. And if A(n)  h(n) then the heuristic is admissible, with f(n) the total
estimated waste at node n. If at each node visited f{n) could be calculated, then
the node with the least cost would be chosen for further exploration. A good
choice of g(n) is suggested by [33] to be the waste accumulated from the initial
node until the reached node n. Unfortunately, a good estimate of s(n) could not
be easily derived, especially with the requirement of being a lower bound on
h(n). Therefore, hi(n)is kept at zero on the expense of obtaining generally non
optimal solution. However, a solution which is hopefully described as being
‘good” and efficient in terms of computational time and storage requirement still

could be achieved.

Rules of thumb have been suggested through out literature for making the
selection decision at any stage in the solution process, such as: maximum area,
maximum perimeter, maximum irregularity, and their minima also were tested in
[2). Maximum covering of waste in the minimum enclosing rectangle of a
previous piece was suggested by [25]. Maximum length was used by a
commercial package at a local industry [39].

Since a heuristic rule is only an informed guess of the next step to be taken
in solving a problem [37], which is often developed by trial and error; based on

domain specific knowledge, in conjunction with a number of reasonable
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approximations, and simplifications [10]. Since a heuristic algorithm could be
thought of as consisting of two parts: the heuristic measure (evaluation function),
and an algorithm that uses this measure to direct the search in the state space, a
number of possible evaluation functions that tend to minimize the waste, or
equivalently, maximize the utilization at each selected node could be suggested
as follows:

- Minimum enclosing rectangle (MER) area of a collection of pieces,

- Minimum waste in the MER of a collection of pieces,

- The maximum ratio of added-piece-area to the waste-added-in-the-MER,

- Functions as previous ones, but rather than using the MER, the minimum
convex hull” (MCH) could be suggested.

All of these functions are based on enclosing the irregular collection of shapes
into a more regular shape, that would reduce the computational burden; however,
still work on satisfying the objective of waste minimization, by efficiently
packing the pieces within the suggested enclosure.

An evaluation function similar to the one that has proven to be successful
in solving the Knapsack problem[29] is adopted here, but with added biasing
terms towards desired properties in the solution scheme, which are captured from
the human approach in solving the problem. The evaluation function suggested is

as follows:

Ji=a-Ze+p-gta,) (3.5)

The convex hull of a two dimentional shape is the minimum arca enclosing convex polygon.
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Where 7 is as previous a given node or state in the search space.
o and (B are positive real numbers that indicate the contribution of each of the
terms in the evaluation function.
An,=2'a; ,where A, is the sum of areas of the so far allocated pieces along the
traversed path till node n, and g; is the area of a single shape i.
W, = 2w; , where W, is the accumulated waste along the path till reaching node
n, and w; is the added waste at each previous node along the same path till node
n. This waste is calculated in the MER of the collection of so far allocated pieces.
g(ay)= 1s a biasing function of piece area; where it is a general practice to try to
allocate larger pieces before smaller ones during the allocation process. Also
since any waste regions that are generated during the allocation process are going
to be collected, which are expected to be of relatively small area, it would be
more effective to preserve smaller pieces for such regions.
The first term in the evaluation function tends to maximize the useful local area
and at the same time tends to reduce the generated local waste (added waste) at
each allocation step.
3.7.3 Conflict resolution rules

During the allocation process the following tie-breaking rules are
proposed:
1. For the same piece if the evaluation function is equal at different possible
positions, the left most lower position is selected. Since this would tend to pack
the piece more efficiently by preventing waste regions from being created to the

left of or below added pieces, thus preserves the general allocation flow.
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2. For different pieces if the evaluation function is equal, then the one with th;:
largest area is selected. This rule is with accordance with the general practical
practice.

3.8 Computer implementation aspects and considerations

A computer software package has been developed for implementing and
testing the proposed approach. The language used for implementation is Borland
Turbo C® v3.1. The selection of this programming language was dictated by the
requirement of rclatively complicated data structures to represent the different
aspects of the problem solution, the need for high speed processing, the need for
efficient graphical visualization tools. PROLOG® could have also been used, but
the need for efficient numerical and graphical manipulations, in addition to high
processing speed, and large memory models, suggested the use of C language.

It is a very important practical point to clarify that the full tree for evena
moderate sized problem is surprisingly very large -as discussed previously- so
that it could never be fully represented at one time in the computer’s memory.
Therefore, at any node or state in the solution process the subsequent
nodes(children) are generated as required by applying the transition rules each
time a node is visited.

3.8.1 Shape representation

The interaction among the shapes to be allocated and between any shape
and the raw material on the other hand, is only governed by the shape’s outline or
boundary. Therefore, a suitable representation [31]for shapes that is efficient in

terms of computer storage requirements, and that is effective in describing the
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boundaries of shapes is based on vector graphics as follows: each shape is
represented by a polygonal approximation. A polygon is described by a structure
consisting of the following data:

-Number of edges/vertices in the polygon.

-A list of x and y-coordinates of each vertex. Given in a counter clockwise
(CCW) direction. And are relative to a local polygon reference point that is
selected arbitrarily.

- The x, y coordinates of an arbitrary reference point that could be one of the
polygon vertices or may not.

- A reserved field for the area of the polygon to be calculated by the program,

All the shapes that are dealt with are assumed to be simply connected (i.e. they
don’t contain any internal features), thus they may be convex or concave
polygons.
3.8.2 Two dimensional transformations
The positioning of a shape is done by changing the values of the reference

point coordinates, and accordingly determining the actual positions of the
polygon vertices.
-Translating a shape is thus simply achieved by adding/subtracting the increment
step to/from the reference point coordinates.

-Rotating a shape is defined about its reference point by the two dimensional

transformation equations (see Figure 3.6 ):
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X, = x,c05(8)— y,sin(6)

— : (3.6)
y, = x,5in{6 )+ y,cos(0)

Where 0 is the angle of rotation.
x;y; - local coordinates of the ith vertex before rotation.

X,,¥.: local coordinates of the ith vertex after rotation.

v
Xi, ¥i

X Yi

fo
-

X
Figure 3.6 Plane rotation of a point.

-Flipping a shape about the horizontal axis is done by changing the sign of the y-
coordinate of each vertex in the shape, and flipping about a vertical axis is done
by changing the sign of the x-coordinates.
3.8.3 Combining shapes

A useful simplifying tool for positioning of pieces is the combination of
successively allocated pieces onto a one temporary hypothetical shape; in that
shape the parts of its boundary exposed to the part of the raw material not yet
used is called the profile[33]. Figure 3.7 illustrates the idea. This combined shape
is updated each time a new piece is tried for allocation or selected as a new
allocated piece. The use of such a tool simplifies the calculations of added waste,

by simply calculating the area of the combined shape, then subtracting from it
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the sum of areas of allocated pieces. Furthermore, the positioning of any new
piece is done by pairwise comparisons between the combined shape and the
shape to be positioned. The combined shape is thus a dynamically changing
structure, depending on the boundaries of the shapes, therefore, it is implemented
as a doubly linked list with dynamic memory allocation/deallocation during the
process. Each node of this structure contains the following information:

-Vertex number, (x, y) coordinates of the vertex, pointer to next vertex, pointer to

previous vertex.

Profile

Updated Profile
f— [

\— Raw material

Allocate
piece

Figure 3.7 Profile definition and updating

3.8.4 Other implementation aspects

The unallocated pieces are kept in a list that is updated each time a piece
is allocated. This list is implemented as a doubly linked list to speed up
addition/removal of nodes from it. Also allocation list is used to keep data
relevant to each allocation step; recording the added piece number, its X,y
coordinates of the reference point, its orientation, the total waste so far achieved,

total utilized area and the length of allocation.
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Following is a brief description of the more significant functions developed to
underlay the allocation process:

-X_position(polygon(il,y) :given the y-coordinate for the reference point
of polygon[i], this function finds the x_coordinate for its reference point such
that the polygon is legally placed from right within the resource.

-Y position(polygon(i],x): given the x-coordinate for the reference
point of polygon(i], this function finds the y_coordinate for its reference point
such that the polygon is legally placed from top within the resource.

-Rotate {polygon(i],theta) :rotates a polygon[i] theta degrees aboutits
origin.

-Flip horizontal (polygon[il): Flips polygon[i} abouta horizontal axis
through its minimum y-coordinate vertex.

-Area poly(polygon[i]) :calculates the area of polygon[i]. The sum of
signed areas of the trapezoids under the edges of the polygon gives its area.
-Update profile(polygon(i]): updates the combined shape by including
the segments of the boundary of the added polygon[i], and removing any
segments that coﬁld‘ never be used in further allocation, also it closes the profile
with the edges of the raw material appropriately to form the combined shape.
-Plot_allocation(): provides a graphical visualization of the so far
achieved allocations, through reading the allocation list at any desired node of the
state space.

-Evaluate (polygon[i]) :calculates the evaluation function value for the

node in which polygon[i} is being added to allocation.
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-Waste () : Collects the waste area produced at a given stage of solution and
redefines it as separate raw material piece. The waste region is collected by
searching for intersections (touching points) between the newly added shape and
the previously combined shapes at each allocation stage.

~Fill waste(waste region) :Attempts to fill a given waste region by
pieces not yet allocated. This is done by performing two dimensional sweeping -
on shapes to be filled- over the waste region, trying to fit that piece legally,
through moving it by a prefixed increment step in the vertical and horizontal
directions, while continuously monitoring overlap, containment, and intersection
conditions.

The program includes many other functions and displays information on memory
usage and time during the solution process. In addition it shows intermediate

trials of positioning of pieces graphically.
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3.9 Testing the solution approach

In the following section testing the proposed solution approach is
conducted. First the different effects of using various evaluation functions are
demonstrated. Then the algorithm is applied on actual data obtained from local
industries, and its results are compared to manual and automatic layouts achieved
by these industries.

3.9.1 Showing the effects of using different evaluation functions

The effect of using some of the different evaluation functions mentioned
previously is illustrated on a sample of six different shapes (n=6) as shown in
Figure 3.8 to Figure 3.11.

In Figure 3.8 the MER is used as a selection criterion, where pieces to be
placed are enclosed within their MER, then the one with minimum area is placed
first, at the next step the combination of already placed piece and the piece to be
added are enclosed within their MER, and the combination that gives the
minimum area rectangle will dictate the piece to be fixed next. The procedure of
combining pieces and enclosing the combination at each stage within a MER is
repeated until all pieces are allocated. This criterion tends to pack shapes at
positions and in orientations that would reduce the total area at each allocation
step (focal minimunt), but not the overall érea over the whole allocation process.
It does not work directly on minimizing the waste added at each stage; however,
the consequence of minimum area rectangle packing is expected to reduce the
added waste at each stage. This function is, generally noted, to be biased towards

smaller pieces.
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To alleviate the drawbacks of the previous function the waste within the
MER of combination of pieces could be suggested as a selection criterion. Figure

3.9 shows the allocation produced by this function. The waste is obtained by

Allocation length

Sheet width

3 uUtilization'

Piaces allocated= 6/6 Alloc. tine{sac)= = 0.2357
Alphae = [+ Bats = 0.0 Ares lort =0
Hasta collect =0 Orientation =k Start condition = QO

Figure 3.8 Effect of using MER area as an evaluation function on layout.

Utilization within the MER =57.3%.

>
IS i¥ ” - : SRl ik 2 3 .
£ %’fﬂbf‘?«» fsosteatinaiten, fSTiizianis |
ST o 5% : .
-. A 2

f”ZpS*‘E;

s;z‘{sgz&
Pleces nllocltnd- 6/6 Alloc. tinm(sec)= 3 Utiliration = 0.257
Alpha 1.0 Beta = 0.0 Arsa Sort =0
Haszta collact =0 Orientation =1 Start condition = O

Figure 3.9 Effect of using MER waste as an evaluation function on layout.
Utilization within the MER =60.6%.

* Utilization values beneath each figure are calculated with sheet width and allocation length as
the sides of the MER rather than using the actual sides of the MER.
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subtracting the sum of areas of pieces within the MER from that rectangle area.
The piece that when tested for allocation at certain position and in certain
orientation, and produces minimum waste is the one that is selected for allocation
at each stage (i.e. the function will force the position and orientation of a piece
that will yield minimum waste in the MER). Although, good packing is expected
to be achieved, the waste used in this evaluation function is an overestimate of
the actual waste being added at each stage. It is also a local minimization
function, since it works on added waste at each stage. The function is biased
towards larger area pieces when the area of MER for two different pieces is
equal.

Since the general practice in solving this problem is to try to pack the
larger pieces earlier in the allocation process, and at the same time trying to
minimize the waste, the ratio between the useful area (some of allocated pieces
areas) and the waste area within the MER could also promise good results. Figure
3.10 shows the allocation obtained by this criterion, with the added modification
of considering the MER width to be the raw material width. This modification
forces the allocation to fill across the width of the sheet first, then continue along
its length. The consequence of this is to try to minimize the length of the MER at
later stages rather than minimizing the waste; which biases the allocation towards
smaller pieces in general, or more precisely, pieces that have less overall span
along the sheet length than along its width. This could be resolved by adding the
area biasing term suggested previously in this chapter and will be shown in the

examples to be presented later.
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3.9.2 Testing the allocation approach using actual data

To test what has been achieved so far, a number of typical layouts from
two different local manufacturers working in sheet metal and textile industries
are obtained.
(@) The example from the sheet metal industry is a handmade nesting of
twelve identical shapes shown in Figure 3.12. The utilization achieved by manual
allocation is 63.9%. While the different allocations for the same example as
obtained by the proposed automatic algorithm in this project, using different
parameters values for the suggested evaluation function (Equation 3.5), are

shown in Figures 3.13-3.15.

All Dim in cm Thickness 10 mm
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|

Figure 3.12 Handmade layout (nesting) of 12 identical irregular shapes

Utilization is 63.9%.
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Figure 3.13 Layout produced by the proposed algorithm for the same set of
shapes of Figure 3.12. Utilization is 65.1%. a=1, p=0. Horizontal flip permitted
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Figure 3.14 Layout produced by the proposed algorithm for the same set of
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Figure 3.15 Layout produced by the proposed algorithm for the same set of shapes of
(Figure 3.12). Utilization is 62.6%. o=2, p=0. Orientations permitted 6=0°, 6=180°.

Since the used shapes are identical, the second term of the evaluation
function (Equation 3.5) is not expected to affect the allocation process.
Therefore, 3 is kept zero in previous trials. Also changing o will not affect the
results for the same reason. In Figure 3.14 instead of taking the width of the sheet
as one of the sides of the MER, to force filling the width of the raw material first,
the actual MER of allocated shapes was used. In Figure 3.15 instead of
permitting the horizontal flip of shapes, two orientations are permitted; at 6=0°,
and 0=180°. The cutting tool diameter offset mentioned previously was taken into
account in these examples (the effective radius of the cutting flame is added as an

offset to the dimensions of the shape) . Waste collection and filling has no effect
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effect here, since the areas of waste regions produced are much less than the
areas of the shapes.

() Two nesting examples from the textile industry are obtained. The first has
a BOM of 12 different irregular shapes (#=12), while the other BOM consists of
24 different shapes. The first example solution by a manual approach is shown
in Figure 3.16. A commercial computer interactive software package was used
in performing the layout[39]. While an automatic layout of the same problem,
produced by an automatic module of the same software package, is shown in
Figure 3.17. The allocation heuristic used is based on nesting pieces in
decreasing shape area order, combined with other priority rules. The results of
laying out this sample BOM by the proposed algonithm in this research are

presented in Table 3.2 for different values of o and .

— QC—T»\J\

Figure 3.16 Manual solution of textile example 1 by interactive computer graphics

package. Utilization =77.6%. Allocation time =5~10 min. for experienced operator.
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Figure 3.17 Automatic solution of textile example 1 by a commercial nesting package.

Utilization = 64.52%. Allocation time = 6 sec.

Table 3.2 Effect of changing o and 3 on the utilization rates for

textile example 1. (BOM size = 12)

1 1 0 56.7% -
2 0 1 58.2% -
3 1 1 56.1% -
4 1 2 72.5% Figure 3.18
5 1 3 59.7% -
6 1 5 59.7% Figure 3.19
7 l 7 66.1% -
g 1 10 56.7% -
9 1 20 60.8% -
10 1 50 54.5% Figure 3.20
11 5 | 68.7% Figure 3.21
12 10 1 68.7% -
13 20 1 68.7% -
14 50 1 68.7% -
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Figure 3.21 Layout obtained for textile example 1 with a
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In these trials no waste regions collection has been performed, since size
differences among pieces are not that significant (very small waste regions are
produced that don’t permit their filling); as will be demonstrated by the following
results. An increment step of 0.5 units was employed for positioning pieces. Two
orientations were permitted; these that are obtained by horizontal flipping of
pieces, since this is a requirement in textile industry.

The effect of increasing P is obvious from the previous figures; it tends to
delay the allocation of small area pieces until later stages of allocation, while
trying to attract larger area pieces at earlier stages. Utilization of such effect
could prove useful when waste collection and filling is employed. Since one
would expect relatively larger waste regions among large pieces than their would
be among small pieces or a mix of small and large pieces. Furthermore, the delay
of allocation of small pieces would reserve these pieces for waste regions filling
if any could be filled. It is also interesting to note that in Figure 3.19 most of the
waste has been added at the last allocation piece which is, relatively, a large one.

The effect of increasing o is to balance the delay of small area pieces with
added waste at each allocation step; i.e. if the waste to be produced by allocating
a large piece is significant, then a smaller piece could be selected in favoring of
less waste.

The effects of waste collection and filling at each allocation step could be

seen by comparing the allocations of Figure 3.20 and Figure 3.22; where
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enhancement on the utilization is obtained as would be expected, but not that

significant in this case due to small area differences as mentioned previously.
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Figure 3.22 Layout obtained for textile example 1 with a=1, B=50. With waste collection

and filling by a single piece. Utilization =60.6%.

The effect of permitting different orientations of pieces is illustrated by
comparing the layouts of Figure 3.23 and Figure 3.24; where the orientation
could be at6=0° or 6=180°. In textile industry these rotations are not permitted
since textile fabrics have directional properties to be preserved, but in sheet
metal industry such a restriction is not essential, and these examples are used to
show the effect of permitting piece rotation on the algorithm performance
irrespective of the intended application. It is noted that permitting such
orientations would lead to generating new nodes in the solution space, And
thereby enhancement on the utilization could be introduced as Figure 3.23
illustrates.

Some of the ‘good” allocation positions are noted to be missed (see Figure

2.23). This is probably due to the increment step used in the allocation, which if
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reduced to smaller values would not miss such positions. But this would be on

the expense of the number of nodes to be generated in the solution space, and

thereby on the allocation time, which would increase drastically.
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Figure 3.23 Layout obtained for textile example 1 with a=1, p=1. With waste collection and

filling by a single piece. And orientations of 6=0° or 6=180° permitted.
Utilization =71.4%.
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Figure 3.24 Layout obtained for textile example 1 with =1, =1. With waste collection

and filling by a single piece. And orientations of horizontat flip permitted.
Utilization =65.4%.
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(c) As for the second textile BOM example (n=24), two automatic solutions
by the commercial software package are shown in Figure 3.25 and Figure 3.26.
Both automatic approaches are based on heuristics combined with priority rules.
The first one is based on allocating pieces by decreasing area of shapes, while
the other one is based on decreasing length of shapes. The manual layout for the
same example was obtained with the exclusion of two shapes ( shown in Figure
2.27); thus a BOM of 22 pieces. This is due to special requirements in textile
industry, which obligate these exclusions. However, for getting appropriate
comparisons with the results of the proposed approach in this research, they are

going to be dealt with as two separate examples one of n=24, and the other with

n=22.

Figure 3.25 Automatic layout of textile example 2.a (n=24). The major heuristic rule is

the decreasing area of shapes. Utilization 76.51%. Allocation time 42 seconds.

Figure 3.26 Automatic layout of textile example 2.a (n=24). The major heuristic rule is

the decreasing length of shapes. Utilization 74.41%. Allocation time 42 seconds.
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Figure 3.27 Manual layout of textile example 2.b (r=22). Utilization 84.25%.
Allocation time 10~15 minutes.

Figure 3.28 to Figure 3.32 show the obtained layouts by using the suggested
approach in this research for different values of o and P on the first example
(n=24). Again the effect of increasing f is to delay the allocation of small area
pieces. The effect of waste collection and filling is also shown by comparing

Figure 3.29 with Figure 3.32.
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Figure 3.28 Obtained layout for textile example 2.a, a=1, B=1. Utilization 72.2%
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Figure 3.29 Obtained layout for textile example 2.a, a=1, B=5. Utilization 69.6%

Pieces allocated= 24/24 Alloc. tinelsec)= 110 Utilization = 0.640
Alpha = 1.0 Bata = 10.0 Area Sort =0
Haste collect =0 Orientation =0 Start condition = 2

Figure 3.30 Obtained layout for textile example 2.a, «=1, 3=10.
Utilization 64.0%
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Pigces allocated= 24/24 Alloc. timaf(sac)= 189 Utilization = 0.727
Alpha = 1.0 Beta = 5.0 Area Sort =1
Haste collect =1 Orientation =0 Start condition = 1

Figure 3.32 Obtained layout for textile example 2.2, a=1, pB=5.
With waste filling, Utilization 72.7%

It is worth mentioning that the reported allocation times for all of the
examples solved by the proposed approach, include the time for graphical display
of all intermediate trials for positioning and orienting pieces during the allocation
processes, which contributes significantly to these times. Therefore , a direct time
comparison is not appropriate with commercial automatic algorithms.
Nevertheless, all allocation times are much less than those of manual layouts.

Figures 3.33 and Figure 3.35 show the obtained layouts for the second

example (n=22).
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Figure 3.33 Obtained layout for textile example 2.b, a=1, B=5.
With waste filling. Orientations of horizontal flip permitted.

Utilization 71.9%.
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unfortunately, incomplete module for such recursive approach. Which has the
promises of improving the utilization at higher values of B, for BOM’s with

significant differences in shapes areas ( large waste regions).

3.10 Conclusions

The problem of allocating two dimensional irregular shapes on a
rectangular raw material was reviewed, the different approaches suggested
throughout literature and the practiced approaches in industry were presented.

A solution approach for the problem based on state-space representation
and search was suggested. The proposed search approach was just an attempt to
get a fast but hopefully ‘good” solution. A more elaborate search approach,
which would test a number of paths in the state-space tree (as opposed to the
“‘Hill Climbing” approach used) is believed to give a better solution on the
expense of time and storage requirements. Even though the obtained layouts do
not beat (in most cases) the manually obtained solutions by human operators
from a utilization point of view, it is effective from a time perspective. Also its
effectiveness is expected to be more appropriate for large sized problems. In
addition it approaches the quality of the already available automatic approaches
against which it was compared, as the produced layouts illustrate.

Different evaluation functions could be suggested to govern the selection
of a piece to be allocated at any solution stage. A number of these functions were

presented and their effects on the solution was illustrated on a hypothetical BOM.
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An initial test of the approach was presented on typical real life allocation
examples obtained from local industries. The results are considered to be an

initial assessment of the solution approach, and are aimed at manifesting the

potentials of the approach rather than fully evaluating its performance

capabilities. More tests and evaluations of the different factors affecting the

solution quality are needed to be performed on this approach.
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Chapter Four

Flame Cutting Machine Design

4.1 Introduction
Part of this research is to build a microcomputer based flame cutting machine and
apply modern techniques and algorithms for the control of the machine, and for
minimizing the waste produced by the cutting process.
An important point of view to be mentioned here is that the machine will be
completely designed and built locally. That means gaining important experience
in machine design and building, the availability of spare parts when needed, as
well as the possibility of making changes to the machine in the future to suit any
coming needs of the end users or any other potential users that might show
interest in this machine. The design and build-up of the machine will be
conducted in cooperation with two other colleagues
The general specifications and requirements of this machine are:
o Material to be cut: Plain carbon steel.
o Stock type: Standard 2D-sheets and plates (1x2m?, 1.25x2.5m’ and
1.5x3m?).
e Shapes of products: Mainly 2D basic regular shapes and some
urregular shapes.
e Sizes of shapes to be produced: For circles and arcs ©=20-300mm, for

rectangular and other shapes 50x60mm’ up to 2m’,
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o Accuracy of cut ; +0.5mm.
In the phase of the design of the flame cutting machine the modularity concept
was the guiding line for constructing the different subsystems of the machine.
The machine is divided into the following systems:

1. The mechanical frame and motion axes.

2. The control system.

3. The flame torch assembly and gas supply.
The following sections will discuss these three systems in more details,

presenting their components and subsystems, as well as their functionality.

4.2 The Mechanical Structure

The machine configuration adopted is the gantry type, where two orthogonal
actuators move the two machine axes relative to each other to position the
cutting tool in a plane. This configuration resembles a bridge crane that spans

a confined work area, and is typical inindustry. A general overview of the
designed machine is provided in Figure 4.1.

The frame of the machine has been constructed from standard structural steel
sections and parts, which provide the required rigidity and support for other
machine members and parts. In addition to their local availability and their
relatively low costs, the manufacturing costs are reduced by using these standard
parts. U-channel beams are used to carry the long axis guiding rods and other

machine members, since they are ideal to support loads and provide sufficient

rigidity.
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I-section beams are used to carry the short axes assembly, including the
carriage on which the cutting head is to be mounted. Twin [-sections are used
to provide the required deflection resistance, and carry a maximum tool weight
of 50 Kg. This structure would also support thermal stresses that are typical to
be induced in the working environment of this machine.

The linear movement of both machine axes is provided through the use of high
precision, low backlash, and low friction ball screw-nut assembly. These ball
screws raise the efficiency of power transmission to 90% rather than 40% of
conventional power screws through their ball-nut sub assembly as shown in
Figure 4.2. These assemblies convert the rotational motion provided by the
actuators into smooth linear motion. Technical specifications of the selected
power screws are available in Appendix C. Rotary bearings are used to mount
the ball screws at each end. Self-alighting type is used on the drive side, while

a standard ball type is used on the other one.

Both moving axes are carried over and guided by high precision supporting
and guiding rods (see Figure 4.3), through linear bearings. They intend to
relieve the actuators from directly carrying loads, in addition to the guarantee
of smooth running axes with optimum guiding accuracy. The linear bearings
used to carry the moving parts of the axes over the guiding rod provide
frictionless relative motion. More details about these guiding rods are provided
in Appendix C.

The torch carriage is equipped with a “rack and pinion™ mechanism to provide

the manual height adjustment of the torch. An improvement of this assembly
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could be easily made in the future by providing a motorized height adjustment,
and swiveling mechanism to provide the capability of rotating the torch so that

beveled cuts could also be made by the machine.
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Figure 4.1b Guiding rods and linear bearings of the machine.
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Figure 4.1c Structural Members of the Machine

Figure 4.1 Mechanical System of the Flame Cutting Machine
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4.3 The Control System

The control system for the above described flame cutting machine has two main
subsystems. The first one is the hardware and the second is the software.
Following is a brief description of these two subsystems, their components and

their functions.

4.3.1 Hardware Components :

4.3.1.1 The Personal Computer

The PC that is going to be used is a 80486 based machine with 33 MHz clock
speed and 4 mega byte of Random Access Memory (RAM). It is equipped with a
Fixed Disk Drive (Hard Disk) and a Floppy Disk Drive. The PC will run the

software that will be described later on in this chapter.

4.3.1.2 The Interface Card
This is the card that will handle all the data I/O between the PC and the machine.
Full specifications of the card are available in Appendix C. The main features of
interest in this card are :
1.Two 12-Bit Digital-To-Analog Converters (DAC) which will convert
the digital control signal issued by the software to an analog signal in
the range +5 VDC. Simple calculations can show that the resolution of
these DACs is sufficient for this application. The full speed range of

the machine is 75 to 3000 mm/min or 1.95 to 50 mm/sec. If the
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variation of the speed can be assumed to have 100 steps to cover the
whole speed range, then a resolution of 8 bit would be sufficient.

2. Two 24-Bit Up-Down Counters that will receive the signals from the
feedback devices of the flame cutting machine (Optical Encoders).
The x-axis span is 3000 mm, which results in 6000 Basic Length Units
(BLU), taking the required accuracy of 0.5 mm into account, i.e.a
16-bit counter should satisfy the needs of the feedback system.

3. Thirty two Digital /O Lines. Some of these lines will be used as
inputs, where some others will be used as outputs. In Table 4.1,

Section 4.3.1.5, more details about these interlocks are provided.

4.3.1.3 Power Amplifier Unit

The input of this unit will be a PC signal (£5VDC, 4 to 20 mA). This signal will
be transmitted to the output using the above described interface card. The output
will be the drive signal for the motors (£50VDC, 4A). This unit was designed

and manufactured by a local firm.

4.3.1.4 Optical Encoders

The encoders will provide feedback signals for the PC. Each encoder supplies
two pulse tratn signals, between which there is a 90° phase shift. This will enable
the controller to detect both position as well as direction of movement of the
carriage. The following figure illustrates this connection and the phase shift

between the two signals. The counter counts the 0-to-1 transitions on the clock
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input, where the state of the gate input selects between up and down counting, If
the shift is +90° then signal B is always High when the 0-to-1 transition takes
place on the clock input. If the phase is -90° ,ie., when the direction of

movement is reversed then signal B is Low when the transition takes place.

_ILJUUUI_ILII Signal A
Juuon U Signal B

Figure 4.4 The 90° Phase Shift between the Encoder Signals

Signal A — Clock
Output

Counter

Signal B —1 QGate

Figure 4.5 Connection of the Encoder Signals to the Counter

4.3.1.5 Digital Interlocks

The following table shows the number of digital interlocks that are built in the
machine, their type and their functions. As noticed all of them serve the
protection of the machine against damages resulting from improper operation, or

driving the machine beyond its operational limits.
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Table 4.1 Digital Interlocks of the Flame Cutting Machine

Description of the Type Number of Source/Destination
Signal (Input/Qutput) Signals
Oxygen supply valve Output 1 Solenoid valve on the
oxygen supply hose.
Acetylene supply Output 1 Solenoid valve on the
valve Acetylene supply hose.
Cutting gas supply Qutput 1 Solenoid valve on the
valve cutting gas supply hose.
Ignition signal Output 1 Spark plug
Ready/Operating Cutput 1 Green light on operator
signal desk.
Alarm signal Output 1 Visual and audio alarm
equipment
Emergency stop Input 1 Emergency stop buttons
X-Axis end-of-travel Input 2 Limit switches at the two
limits ends of the X-Axis
Y-Axis end-of-travel Input 2 Limit switches at the two
limits ends of the Y-Axis

4.3.1.6 Actuators

DC-Servo motors were selected as actuators for this machine type. They are
being widely used in similar applications in the industry. In light of the power
requirements for this machine, that are detailed later on in this section, permanent
magnet DC-motors were selected for this application. Their control using a PC is

relatively easy and they can meet the requirements of the control system The
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following specifications were determined in the design phase to meet the
requirements and specifications of the cutting process:

Speed : The maximum linear speed that the machine should travel at is 50 mm/s.
Using a power screw with a 6 mm pitch as described in section 4.2 the maximum
output speed of the motors should be 500 rpm.

Torque : According to a maximum carriage weight of 50 kgs, and taking into
account other structural elements that should be moved by the motors and their
inertia, the required torque to be generated by the motors was found to be 1.3 Nm
for the X-Axis and 1.1 Nm for the Y-Axis.

Taking the above requirements into consideration, the nearest standard motors
that could be found were of the following specifications:

For the X-Axis motor : Speed 480 rpm, torque 2.0 Nm.

For the Y-Axis motor : Speed 480 rpm, torque 1.2 Nm.,

4.3.2 Software Components
The main functions that the software should perform for the operation of the
machine can be seen in the following list:

1. Provide a user-friendly, graphical user interface for the operator.

2. Optimize the layout of the shapes on the sheet.

3. Generate the tool path for the machine.

4. Control the movement of the machine.
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4.3.2.1 The User Interface

The main function of this module is to enable the operator to draw or select the
shapes that are going to be cut, and to input the thickness of the stock sheet. To
simplify the process of drawing a shape or selecting a pre-drawn shape from a
library, the general purpose and commonly used drafting package AutoCAD®
release 12 is going to be used as the user interface. The operator will draw the
shapes (or select them) and generate a file of the Data Exchange File (DXF)

format, This file will be used as the input for the layout optimization module.

4.3.2.2 The Layout Optimization Module

This module is used to minimize the waste produced by the cutting process by
optimizing the layout of the shapes on the stock sheet. This module consists
mainly of the previously presented Automatic layout algorithms in Chapters 2
and 3. The input of this module is, as mentioned above, is the DXF file of the
user drawn shapes generated by AutoCAD®. The output of this module will be
also a DXF file containing the same shapes after relocating them to minimize the
scrap percentage. The user has an option to accept this new layout as is or to
make modifications on it using AutoCAD®, which implies a certain amount of
recursion between user interface module and the optimization module. The layout

optimization module can be called within the AutoCAD® environment.

All Rights Reserved - Library of University of Jordan - Center of Thesis Deposit



110

4.3.2.3 The Tool Path Generator

This module will have the entities of the DXF file generated after points 1 and 2
above, and the thickness of the plate to be cut as inputs. The thickness will serve
to decide on the minimum and maximum speed of cut to be applied to cut sheets
of this thickness using a look-up table. Using the speed constraints and the
entities of the DXF file this module will generate a set of point coordinates
suitable for the controller module. It will also have an indication for the control
module whether the flame should be on or off during a travel distance, i.e., will
distinguish between a cutting line or arapid traverse line between two shapes.
This module is to be presented by another Master thesis research by another

collegue.

4.3.2.4 The Control Module

This module is responsible for the accurate tracking of the shapes to be cut by an
accurate control of the position and speed of the cutting torch. The control
algorithm applied here is a Self-Tuning Generalized Predictive Controller (Self-
Tuning GPC). This module will also monitor the state of the digital interlocks in
order to take certain actions when necessary, such as generating alarms or
stopping the machine in case of emergency. The algorithms used in this module

are presented in another Master thesis research[40].
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4.4 The Flame Torch Assembly and Gas Supply

The subsystems described in sections 4.2 and 4.3 constitute an X-Y-motion
system. From modularity point of view, different cutting heads representing
different cutting technologies can be installed on that motion system. Examples
for that are water jet cutting machines or laser cutting machines. The Oxy-
Acetylene cutting technology, suitable for cutting plane carbon steel sheets and
plates, is used in this project. Therefore, a suitable head assembly has been
selected. This head assembly consists of a straight-headed torch with the tip in
line with the torch axis. A kit of different cutting tips (nozzles) is provided to suit
a variety of sheet metal thicknesses. More details on this head assembly can be
found in Appendix C.

The gases needed for this process, namely cutting oxygen, heating oxygen and

acetylene, are supplied from three gas cylinders through a set of regulators and

their flow is controlled using solenoid valves, which are controlled digitally from -

the controller module. Safety valves are also provided on the gas supply lines to

prevent back fire.

The flame cutting machine, whose design was presented in this chapter, is
currently in the phase of assembly. Some of the standard parts described above
had to be imported from abroad, and therefore, considerable delays had to be

taken into account.
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Chapter 5

Conclusions and Recommendations

Since the thesis has been  organized on self contained chapters,
conclusions are presented at the ends of each chapter. However, A general
conclusion on the work is presented in this chapter.

In this thesis two cases of the two dimensional cutting stock problem have
been tackled. The first one is the rectangular allocation of a BOM on a number
of standard sized stock sheets of finite dimensions. For this case, a heuristic
approach based on capturing and programming human intuitive thoughts in laying
out pieces, was suggested to fill the gaps generated after the application of an
underlying algorithm. A number of such intuitive thoughts have been tested in
this work. The results obtained show the effectiveness of the approach; from
utilization point of view, and from computational time requirements. Such
approach is believed to be adequate for solving problems of medium to large
scaled size, which are typical in many industries, that need “good” and fast
solutions usually, and could be obtained by using microcomputer systems. More
heuristic rules could be added to enhance the performance of the solution
approach suggested. An expert system solution approach could also be suggested

for solving such type of problems. The second problem investigated in this
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research was the irregular shapes allocation on an infinite length raw material. It
was noted that this problem is much more difficult to handle. Since in addition to
the difficulty raised by the very large number of possible feasible layouts that
may be produced for a given problem instance, the irregularity of the shapes
makes it much more difficult to program and control the inference rules, such that
legal transitions in the solution space could be performed. A simplified state
space representation was suggested to represent the problem solution in this
research. Initial results showed its promises; however, more elaborate search
approach is needed to enhance its capabilities. Also a recursive filling of
collected waste regions could prove to be effective in reducing the amount of
waste generated. Heuristic search approaches relies greatly on the evaluation
function used during the search process, therefore, more investigation concerning
the selection of adequate evaluation function is suggested for future work.

A practical constraint that may increase the difficulty of the problem,
which could also be investigated is the ability to handle defective parts of the
raw material; where shapes to be allocated should not overlap with such regions.

Human operators are until now believed to produce better results in the
layout problems than automatic approaches, especially in the irregular case. This
is mainly due to the flexibility in handling, in a fast manner, similarities and
mismatches among the different parts of the shapes and the space in which these
shapes are to be placed. A human operator could easily recognize such
similarities, in addition to the capability to evaluate, a relatively, large number of

shapes placement combinations, that have good potential for waste reduction.
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This may suggest that a pattern recognition approach for problem solution could
promise better results.

The design of the intended prototype flame cutting machine has been a
great experience, where modularity and system integration were the leading
concepts in its design. Using standardized parts was also considered, were
manufacturing costs could be reduced, and future maintenance requirements
could be easily satisfied. Even though the machine is intended to serve the flame
cutting process, it could be easily adapted for other two dimensional cutting

technologies, since its basically a two dimensional positioning system.
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Appendix A:
Generation of sample BOM’s from a Uniform distribution

A computer program written in Microsoft Quick Basic® V4.5 was developed
to gencrate sample BOM’s with desired overall characteristics.
The program uses an algorithm that is adapted from [11]. In generating the BOM’s
the following information was required for each set of data:
-stock sheet dimensions,
-maximum area ratio that could be assumed by a piece in the BOM( the ratio
between the maximum piece area in the BOM and the area of the stock sheet used),
-maximum aspect ratio {the ratio between the length and width of a piece),
-the maximum number of different shapes to be generated (if that number could be
generated; since this is dependent on the previous ratios mentioned).
-and the maximum permissible demand of any shape type.
The out put of the random generator is a BOM that includes:
-the stock sheet dimensions(as entered to the generator).
-a list of different shapes specified as: shape number, length, width, and demand.
The area ratio and the aspect ratio were selected as the major attributes for
classifying the BOM’s so that they could be independent of the specific dimensions
of the shapes or the raw material (stock sheet) used Also to facilitate comparisons
with already published results in literature. The concentration was on the area ratio

throughout the tests, where the aspect ratio was fixed at a moderate value of 3.
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Appendix B:
Generation of sample BOM’s from a Beta distribution

A computer program written in Lahy FORTRAN77 ®v4.1 was developed to
generate sample BOM’s with desired overall characteristics. The program uses the
MATLAB® V4.0 for the graphical visualization of area and aspect ratio
distributions. The generated BOM’s were classified into nine categories based on
area ratio and aspect ratio. The tree levels of difference in area ratio and aspect ratio
used in the classification are: mostly small(S), average or medium (M), and mostly
large(L) pieces within a BOM.

The Beta distribution (given in Equation A2.1) was selected for generating
these classified BOM’s because it assumes different shapes for the distribution, by
controlling the values of two shape parameters: o, B, which are positive real
numbers. The different shapes that could be obtained from this distribution are as
follows:
~“Bridge”-shape when o>1and P>1.(see Figure A2.a)

-“U”-shape when o<l and P<I. (see Figure A2.b)
-“J”-shape wh¢n (a<1 and PB>1) or (c>1 and B<1). (see Figure A2.c and Figure
A2.d).

X0 (1= x)*Y

B(a,b)

Jix)= 0<x<] (A2.1)

Where x is a continuous random variable, o and B are real positive shaping

prameters, B is the Beta function.
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The distribution has the following attractive characteristics: it is defined over
finite range, it is a continuous random variable distribution, and its shape is

controllable through the two shape parameters mentioned previously.

a: Bridge-shape b: U-shape ¢: J-shape d:J-shape
Figure A2 Diffcrent shapes that could be assumed by a Beta distribution
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:nhanced Muitifunction 1/0 Boards for ISA

W
o O~ -

Specifications

‘Tvpical for 257 C uniess otherwise natad

Analog Input
Input Chanaeristio
Number of channcls ...evurerverersoresreens 16 single-eaded or 8 differendal.
software selectable
Type of ADC .coeeeecnsssssssssnseresnrerees Successive zpproximation
Resolution 12 bizs, 1in 4.096
Maximum sampling rate.......lcncee. 100 kSis
Loput signal ranges
Board Gain Board Range
(Softwwre Selectable) (Software Selectable)
=5\ 0-10V
05 110V -
1 $5v Qe 10V
2 226V Qusv
5 1V Qo 2V
10 1500 mv Oty
20 +250 my 0 to 500 mv
50 +100 mv 010 200 mv
100 £50 i 00 100 mV
Input CoUPLIng e ceeemmererrermcecnans DC
Max woriing voltage
(signal + cOMMON MOdc)semnevonsansrees Each input should remain wichir:

11V o'r_eround
. £33 V powered on. 225 V powered off
ACH<0..15>, AISENSE

Overvoltage protection
Inputs protecred

FIFQ buffer $ize cooeerrrrrrermmssscress e 512 sampiex
Dtz eranstens oeevcevorescscssrissssnnremns. DMAL interrupts, programmed [40)
DMA modes Single transter. demand transter
Configuration memory sizz. - 312 words
Transfer Characteristics
Relative 260Umicy v e eerserieesnns £0.2 LSB rypical dichered.

£1.0 LSB maximum uadithersd
DsL £0.2 L5B rvpical. 0.5 LSB maximum
No missing codos .... .. 12 biss, guaranteed
Oftset error

Pregzin error after aalibration........... 22 UV maximum

Pregain error betore calibration........ 24 mV maximum

Postgain error after calibration......... +(.5 mV maximum

Poszgain error berore calibration —..... £100 mV maximum
Guin error trefanve to calibration reference

Afrer calibradon (Gain = 1) .. +0.01% of reading maximusn:

Betore calibratien £2.0% of reading maumun

Gain # 1 with gain error

adjusted 10 0 at gin = 1 covvveeieenens =0.05% of reading maximun:
Amplifier Characreristics

Inpurt impedanus
Normai powcn:u ofi.,
Powered of

100 GE2 in paraliel with 50 r*
- 3 K2 minimui
- 3K minimyem

Inpue blas curren
Inpur offset cuzrent
CMRR (alj inpue ranges, ....
Drymamic Charactenistics
Bandwadz:.

Small signal (-3 dB;

90 d8. DC 10 60 He

200 kH:

Laree signal 119 THD; . . 300 kHz.
chmm: time for full sczic SIEP vt 1 us maximum 1o $0.5 LSB accuras
Svstem naise (not including quantizacon -
Gain | Systom Noise
G5t il i 0.07 LSBrms
26 H 0.12 LSBrms
¢ i 0.2515Bms
' 107 P p51sBm:
| driner on, any gan | 0.5 LS8 me

Crosstall. . .. -80dB. DC o 100 kiH:

Seabiliey
Recommended warm-up time 13 minutes
Offsct temperature coefhcient
Pregain ~ 213 uViC
Postgain 2240 pVIC
Gain temperature coeflicient .......... £2U ppmi~C
Onboard calibration reference
Level 5000V (2253 m\1
tactual value stored in EEPROA I
Temperature coefficient e 23 ppmf*C maximum
Long-term seabikirv......... +§5 ppm/ Y1000 h
Analog Output
Queput Characteristics
Nurmnber of channels ... .. 2voluage
Resolution 12 bits, 1 in 4.00

S {1 (] ST

Maximum update pre.........

.. Single transicr

Transfer Characreristics
Relative accuracy (IN1*

After calibeztion

Before calibration ...
DNL

After caliBration e eeeeerereeeeeens £0.3 L5B oypical. £1.0 LSB mawmum

10.3 LSB rvpical, 0.5 LSB maxamum
. 24 LSB maximum

Betore calibration ... +3 LSB maximun:
Monotonicity - 12 bits, guaranteed arter calibravon
Oﬁ‘sﬂ cITor

Arter calibratior: .. v 1.0 mV maxemum

Betore calibration +200 mV maximun
Gamn ervor (refative to internal reference:

After calibration - #0.01% of ourputr maximum

Betore calibracion ...
Gain erres
trelative to external reterence ........... 0% 10 +0.5% o1 output
Maximuim. not adiustapic

- 20.5% ot Gurput maximum

Voltage Curput
RANGes oottt

(sormware selectabiz

Ouzput coupling oo DC

Queput impedance. 0.1 £ maxiinuy

Current drve =3 mA maximun:

I’rotectio - SNOM-CIrcUIT 10 ground

Power-on st S ()

External reference inpus
Kange e,
Chvervoliage prorection ...
inoutimpedance ...
Bandwidth -3 dB,

Dhvnamic Characteristics

Sealing ame for full-scale s

Skew e,

Nob "

Cedreh energy (ar mu.‘kca}: ransitnon
Magnintuds ...,
Duration ...

Swbility

ORSet temperature Coemcien . =30V

Gain temierature coeficien
tnrernal reterence
External reterency .

Unboard calibration reterenc.

Laevid e, 3000 V1225
tactual vaiue stored in ERIPRON
=3 ppend™C masimue

o219 prnd YHOEKY .

S B
..... =33V powereg on. 23 V porvered ofy

10 kL2
...... 300 ki

. W0 us o 0.5 LS accurac
A LRI
200 uvems, DR w1 M

o £23 ppma/
e =25 ppan? ¢

lemperiature coeficien:
Long-term stabuiey........

210V, Uro 10 V. s EXTREF 0 ro EXTREF

NATIONAL INSTRUMENTS CRGNE (32 THa-0 b

VAR TR B e E-tain intonannse.con - W W Hurpiiorwas

Pl EEIES SN TTLN
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Enhanced Multifunction 1/0 Boards ISA

Digitat 1/0
Number of channels

AT-MIO-10E-10 .
AT-MIO-I6DE-10...

. 8 mput/ourput
. 32 input/ourput

Commatidilics ecuveereescacerarerseeeserie. T 1TICMOS

Dig‘itﬂ logic levels

DIO<0.
Leve! M M
Inout Kw voltag? oV o8V
nout high vohtage 2V SV
Inout sow current (V, = D'V1 - -320uv
hmnignanentN,:SW - 10 uA
Outout low voRage
{lp-=24 M4 - 04V
Quiput hign vortage H
. -=13 m3 a3s5v -

PA<0..7>. PBu0.. 7>, PC<0..7> {Remaining 24 lines of AT-MIO-16DE- 10

Level | Mindoum | Maximun |
N0 oW vorage | av 0BV |
Inout high voRagse [N 5v
DUt low cument (v, = 0% 1 — £0ut i
Inout high current gV, = 5V Y - 10 |
Outnt low voitage : i ;
p..=25ms . - | Qav i
Outont high voltage ; i i
aE 2.5 m? | asv | - i
Handshakirg
(AT-MIO-16DE-10 onh; 3-win,
Fower-on stz ... Tri-star:

Diata transze

ATAMIO 0B ..
AT-MIO-16DE-10....

v Programmed 1:(3
.. Intermupts, programmed 140}

Timing 1/0
Nuniber of channels ....o.oeeeercveeeeenee
Resalution
LT T T T SN
Frequency scalers
Compatibitiry ........
Base clocks available
Counterftimers,..,
Frequency scaler ..
Base dock accuracy ...,
Maimum souroe frequency ...
Mintmum source pulse duradon..
Minimum gate pulse duraton...........
Dara uznsfers..
DMA modes...
Triggors
Digical Trigger
Compatibilinv........orocrsemserersemmereens
Response
RYSt
Trtrger Unes e
Power Requirement
+3 VDIC (1350 cnnnmanmrssnsssssainnionn
Posver available ar Q) connecwr ...
Physicat

Lxmensian-

170 connector
AT-MIO-16E-10 e
AT-MIG-16DE-1G e

Environment

(Iperating TeMDErAOLE —..ccyreeermerseeceens

Sorase cemperarurc

Reiative humidiny

. 3% to 90% noncondensiny

2 up/down counrerfumers. 1 frequency scaler

2a b

20 MH:

10 ns in edge-detect mods
10 ns in edge-detect mode

.. DMA, interrups, programmed [/0)
.. Single transfer

TTL
Rising or faliing edye
10 s minimum

Siave

0.7 2
+4.O VD e +53.25VDCar 1 A

A5 AR Al i 27 8 e i e

O0T-3A9T-OIN-1Y ‘0T-I9T-OIN-IY

338bv 98 em (13.3bv A%l

68-pin male SCSI-1I v
10K-pin female 0.050 Doy

010 33°C
337 to 150°C

U B e e gy oA St 7, & M

CED AT TH0100 @ FAX: (512) 794-541 1 « E-MAIL: infortnatinse.com « W BT rww s RS coms

oEL_ | cas

1-2 ACETYLENE
11-2/28

PROPANE
MAT GAY

31)-3F
13-2F724

(R TV T
TRy

] Hiemodm

-wrsiue

NATIONAL INSTRUMEN I~ 330
o 7 | C-42 T inector (ACETYLENE)
' , C-a2-F ! Injcton (PROPANE)
| 3 l! 13315-A I Inlat conmmectiont (ACETYLENE)
i 1 13319-F | Iniet connactoom (PROPANE)
i 4 | 133572, . Inet Comnectiorns (GAS)
! s i 1315727 Inlal connections (0N
! : Lyen ~r e -

All Rights Reserved - Library of University of Jordan - Center of Thesis Deposit



129

At .uL..Jm st c‘=’ Jd s,ct;lm':!l 5 Ol 3k

slasd
a3 o dhoas oy
el
Bl gy Sl
S RPN TR NI o W) S SR PN VP S POTR RV TRE SR PRI AN o SR
Gt s S8 a3 o 1 JISEY o 85 a5 ot G Lol o 1T 3 SN
(paanis Jols 13 o 0don ajpdl idee o5 OF o 83l 0o Al LB r 2508 2 ol
e (6t Jabl OF Vi @SCall o 3 91 Gl opn 58 shad oo o2 Sy 5 Sy
g 2 G e Jil s sl e
ety adanll JISKaY o5 adee o JoW @Al el 0 U Gl ¢ e dills
) dedly LBl b AT J gl 1531 & dakinll 52 JEW p5 5 ades o 25U
2 S a5 e 3 0L LSS a2 1y At e e T Jo 1530 F 0 Y1
oA 3 Jelall J25 5T 05 G Dlagjp e Jpat § 2l 2 els e fasll
Jo 5 o o oV sl S Je Al Jak 0 ¢ asl) ) 2l U
o A Wi oSy e il odn OF & W1 il Sl 1 5 g AR b e on o
sl g e

gi'.-::-c%ULgC)ajZJTL)EAJbB\VJ:lJTQW‘Mld}rtwaﬂulwu‘_:3c.._-n.:“f".Lﬂ

o Bl 3 Ll AW odb s B £

All Rights Reserved - Library of University of Jordan - Center of Thesis Deposit



