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The sciences do not {ry to explain, they hardly even try to wnterpret, they mainly
make models. By a model is meant a mathematical construct which, with the addition of
certain verbal interpretations, describes observed phenomena. The justification of such a

mathematical construct is solely and precisely that it is expected to work.

john Von Neumann
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ABSTRACT

This dissertation concenirates on a sole subject - economic raw material selection
techniques for engineering manufacturers. To approach the problem of economic raw
matertal selection, a generalized economic model for raw material selection is proposed.
A realistic example is presented and some significant variables and relationships are
investigated. Afterwards, an analytical method is followed to give a series of mathematical
equations for determining the optimal material quality level. Certain serious limitations are
pointed out regarding practical application of this approach. To overcome the difficulty, a
computer simulation model integrated with two optimization techniques is provided to
identify the optimum raw material properties for the particular case. Two system
modeling approaches are developed to simulate costs incurred during material purchasing,
impact of manufacturing processes and impact of product quality in order to select the
most suitable raw material and supplier available for the particular application. Finally, an
Abductive Network Method - an "expert system" type of approach - is used for the raw
material selection problem with "fuzzy" inputs. This research is based on a realistic

example in order to indicate its practical usefulness.
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CHAPTER |

INTRODUCTICN OF THE PROBLEM

The subject of this research is to systematically study a common problem faced by
manufacturers: the selection of the most suitable raw material for a particular application.
The organization of the thesis and an introduction of this problem are given m this

Chapter.

1. 1. ORGANIZATION OF THE THESIS

The objective of this research is to develop a systematic approach to the economic
raw material selection problem and, in the process, to show the usefulness of this approach
by means of a practical industrial example. The thesis is organized as follows:

Chapter 1 describes the organization of the thesis and introduces the problem of
economic raw material selection.

Chapter 2 follows with a review of related literature and research. Its purpose is
to evaluate the present state-of-the-art in this field, in order to allow us to identify areas
that seem to require further work and a promising research direction.

Chapter 3 is devoted to the construction of an economic model for raw material
selection, iIn the discussion, we set up our new raw material selection criterion and also
provide an novel approach for the cost impact calculation of the raw material used m the
manufacturing processes.

Chapter 4 and Chapter 5 are devoted to the investigation and data collection of a
realistic industrial example, which provides the database for our work as given
subsequent chapters. Chapter 4 first states the raw material properties and their mnter-

relationships, then proceeds to the cost relationship analysis between raw material



propertics and the various manufacturing costs. Chapter 5 discusses the purchasing
operations for raw materials and the costs related to the material purchasing processes.
These two chapters provide the necessary background material for our computer
simulation and optimaization approaches.

Chapter 6, 7, 8 and 9 constitute our coniritbutions to this field of knowledge.

Chapter 6 provides a series of mathematical relationships used for calculating the
expected cost impact of raw materials and determining their optimal quality level using an
anatytical approach. This exercise, on one hand, from a special approach, provides some
generalized useful equations; on the other hand, indicates the strict limitations of the
analytical approach in real practice. It also provides a basis for the computer simulation
and optimization approaches in later Chapters.

Chapter 7 deals with the combination of computer simulation and two different
optimum-seeking techniques for the identification of the optimum raw material properties
for the industrial case discussed. This approach overcomes the difficulty of using
analytical approaches and provide a clear view of the optimal raw material properties for
the particular application.

The most suitable raw material and supplier selection using two computer
simulation techniques is shown in Chapter 8. The simulation models constructed in this
Chapter can re-generate the purchasing and manufacturing process as well as the real-time
costs. It may be used to assist the industrial practitioner with economic raw material
selection,

Chapter 9 uses a knowledge-based system - the Abductive Network Method [2] to
approach this same raw material selection problem with "fuzzy" inputs. This approach
sees the raw material selection problem from another angle, and can be used even if the
cost relationship between the raw material properties and manufacturing process is

implicit, but qualitatively known in a fuzzy manner.



The last Chapter - Chapter 10, re-states the nature of this research, as well as the

conclusions and contributions of this research work.

1.2, INTRODUCTION

Raw materials have a considerable influence on the cost of engineering
(manufactured) products. This is because their cost often represents a high proportion of
the total product cost, and also because their processability affects the level and
productivity of the capital and labor required for their conversion into the final shape. For
typical engineering industries, the direct cost of materials can represent 30 to 70 % of the
value of production. In many cases, raw material properties also have significant effects
on the manufacturing process and on the final product quality itself. As the cost impact of
both material and material properties can be so important, it is worthwhile, indeed
imperative, to optimize their selection and use, in order to achieve the best overall
application cost,

One can describe the various impacts of raw material applications in manufacturing

situations as follows (see Figure 1.1):

material product
order order
. i
supplier manufacturing customer
I

delivery P ani shipment

material cost manufaciuring impact product quality impact
Figure L1 Areas of Impact of Materials



As we know, different raw materials have different market prices. The maierial
purchasing process and its handling cost are also different if one deals with different
material suppliers. In manufacturing, different materials may have varyving impacts on the
manufacturing processes themselves, due to the material's workability, machinability and,
its effect on the quality of the various production operations. Their impact on the final
product quality, may affect the customer's acceptance of the product.

Effectively selected materials must satisfy both technical requirements and
economic requirements. From the ‘“production process point of view' the material needs
to be transformed easily into its final shape with the desired level of quality; in addition,
the overall combination of the material cost and its cost impact due {o its effect on the
process should be at the lowest level possible.

We are concerned here with the following: a thorough investigation of the
economic raw material selection problem and of ifs governing parameters and, as a result,
the development of a systematic method to analyze this problem. Ultimately we are
interested in providing the industrial decision-maker with a useful tool for economic raw
material selection. Throughout, we will be using a real industrial example as the vehicle for

our work.,

1.3. PROBLEM STATEMENT

Raw material selection is a complicated problem. To provide a sysiematic guide
for industrial practice, we divide this raw material selection problem into two sub-
problems for discussion: one is the identification of the optimum raw material
characteristics {(common at the product design stage) from the material requirements of
the manufacturing processes and product quality; the other one is the practical selection of
the most suitable raw malerial from materials available (commonly of interest at the

purchasing stage). The data used for first problem is only a part of that required for the



analysis of the second problem since the second problem needs detailed information about

material characteristics and material available suppliers.

i. 3.1 Identifying the Most Suitable Material

To make an effective raw material selection, one must first understand the
relationships between its properties and its area of application {or utilization). Different
processes may require different properties. Consider the following simple example: in
sheet metal pressing (processing) applications, "ease of bending" requiremenis favor
thinner metal and lower yield strength. On the other hand, final product handling
requirements may favour thicker metal and higher vield strength (see Figure 1.2). Even in
this simple example one can note conflicting requirements for material properties. The

general problem we are addressing is, of course, significantly more involved.
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Figure 1.2 Material Characteristics Requirements

After understanding the relationships between a material's properties and its
application process, one can then assess the seriousness (cost impact) of the effect of
material properties on each production process in which that particular material
participates, In general, raw material of overall high quality is usually more expensive than

low quality material. The same (more expensive) material may, however, make the



produciion process easier, less costly or improve the final product quality. This is typical
of engineering "trade-off" situations. In order to balance the material expenses and their
production impact, we need to eliminate those expenses which do not bring more value or
benefit to the application. We must then balance the cost between the raw material
properties themselves and the impacts of the material on the downstream application

processes, inchading the manufacturing process and final product guality (see Figure 1.3).
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Figure 1.3 Economic Selection For Material Properties

1. 3. 2 Material And Supplier Selection:

After having identified and understood the raw material requirements, one is ready
to: 1. choose right material from among those available, and 2. the right supplier for the
material, Different suppliers may provide different materials with different quality,
different handling processes, different minimum order amounts, different lead times,
different purchasing bonuses, etc. These variances all affect the actual material cost in the
purchasing process. The properties themselves, of the materials available, may follow
different statistical distributions. A useful way fo study these relationships involves the

use of simulation techniques. The right material and the right supplier chosen nust be the



ones which result in the lowest overall cost (see Figure 1.4) in terms of actual material

cost, manufacturing cost impact and product guality cost impact..
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Figure 1.4 Economic Selection of Raw Material and Supplier

1.4, RESEARCH STRATEGY AND TOOLS

In our systematic study of the raw material selection problem, the following steps

(or strategies) and related tools are used:

Raw Material Selection Criteria:

An economically and technically based material selection criterion (defined as the
overall total cost) is proposed to judge the suitability of a raw material for a particular
application. A practical "process by process' and "parameter by parameter' approach is
suggested to analyze the cost impact of materials on the manufacturing processes in which

they participate.



Information Gathering and Analysis:

'The gathering of appropriate and useful information and its analysis constitute the
major and most difficult aspects of this research since, at the corporate level, there 18
rarvely direct information and data available at all, or available in usable form. QOur targets
then consist of defining related important variables of the various processes and to
investigate the relationships between the material properties and their impacts on the
production processes to which this material is subjected. One of the frustrating aspects of
this work is that many problems related to the impact of materials on manufacturing
processes are described in a very "fuzzy" or vague terminology such as "low' or "very

high" by production experts one consults.

Analytical Approach:

An analytical appreoach has been used to identify the optimum raw material
characteristic and to calculate the cost impact of the material on the production processes
affected. In this approach, we assume that the cost impact of material properties on their
application processes is known or can be determined. In the case of a raw material with a
single quality characteristic, a raw material with multiple characteristics, but independent
of each other, or a raw material with multiple characteristics, that linearly and interactively
affect the cost of their application process, the above analytical approach can provide a
mathematical solution (i.¢.; optimum quality level) in an analytical format or by means of a
simple search algorithm. The application of this analytical approach is limited since the
material properties (characteristics) may, in an actual case, be more complicated and not

behave in the way assumed above.

System Simulation and Optimization:
With the data gathered above, we can use a computer simulation approach to

model the material cost and the cost impact of raw material properties on manufacturing



processes and product quality. Combining this simulation with an optimum search
algorithm, we can identify the most suitable raw material properties for a particular
application. Afier that, we can experiment with certain ranges of material properties
around this optimum point in order to identify a possible suitable range of raw malterial
properties for that application. The result of this analysis should give an effective basis for

a company's policies regarding their practices for raw material selection.

Manufacturing Operations Modeling:

After we obtain the information and identify the raw material properties
requirements, we can select the most suitable materials and material supplier. Since there
always exists a certain uncertainty regarding material properties (t.e.. with the statistical
distribution of the quality characteristics) and their cost impact, we use computer
 simulation method to model the cost impact on the purchasing process, the manufacturing
process, and product quality. The overall cost impact can thus be determined, and the

most suitabie material and supplier can be identified,

Application of a Knowledge-Based Approach - Abductive Network Method [2] :

We have used an abductive network to approach this raw matesial selection
problem. As we know, some indusirial problems (system) cannot be explicitly defined or
analyzed due to the limitation of our knowledge (too complicated), the associated effort
requirements or cost constrainis. We treat the problem as a "system". The abductive
network approach can help us to transfer the valuable experience of "experts" to a
systematically synthesized network, which gives us an opportunity to address the problem

from another direction.



CHAPTER 2

SURVEY OF RELATED LITERATURE

This chapter presents a survey and analysis of published research literature dealing
with the raw material selection problem and associated techniques. The purpose of this
study is to evalvate the present state-of-the-art in this field, in order to allow us to identify
areas that seem to require further work and a promising research direction,

The literature dealing with raw material selection and technigues can be classified
into four categories: 1. value analysis techniques for material selection, 2. industry
practice in material selection, 3. analytical economic material selection models and 4.
computer simulation in the analysis of quality problems. These four groups of literature

are individually reviewed and discussed in this chapter.

2.1 VALUE ANALYSIS FOR RAW MATERIAL SELECTION

Value Analysis is an organized and systematic study of the function of a material,
part, component, or system in order to identify areas of unnecessary cost that could be
eliminated without impairing the usefulness of the item evaluated. Value analysis is
concerned with function, cost and value; it attempts to identify any possible way through
which savings that can be achieved. It identifies unnecessary costs that do not add value,
and it develops acceptable performance at 2 lower cost. Value Analysis measures the
functional usefulness of items, processes, or procedures so that greatest value is obtained
for the money spend. Better value is obtained by either by improving the function without
increasing the cost or, by reducing the cost without impairing the function. The emphasis

here, is not only on the cost, but also on value.
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Four publications related to value engineering (analysis) techniques inchude the
work by ASTME [99] in 1967, Heller [36] in 1971, Raven [77] in 1971 and Wiles [60) in
1972, The above four publications, systematically present (from different perspectives)
the techniques and methods of Value Analysis in industrial, military and other applications.
Even a cursory review of the principles of value analysis leads us to the conclusion that its
main precepts could be applied effectively to the problem of "intelligent' raw material
selection. One example in material selection using value analysis was actually given in
Miles' book. Based on the analysis of the problem, he stated that, by selecting "the" most
appropriate material from among a large selection of possible materials, it is possible to
eliminate many of the unnecessary costs incurred in purchasing.

The ASTME book describes the value analysis technigues in terms of the following

general steps:

1. Select the product for value analysis

2. Determine and evaluate the function, assign doilar or cost equivalent
3. Develop alternative means to achieve the required function

4, Select alternatives, measure benefit, follow-up

These principles can be applied to raw material selection. Of course, some special
aspects of the "function" and "cost" need to be clarified according to real cases and
conditions encountered.

In 1966, Sharp [88], in his book "Engineering Materials: Selection and Value
Analysis", discussed the considerations required in applying value analysis to material
selection. At first, he stated some basic ideas of value analysis for material selection,
then he pointed out the possible affect of raw materials on the actual design of the product
and on the fabrication process itself. Afterwards, he gave some basic economic ideas for

material selection from a pallet of different engineering material properties and their

11



market prices. He stated that, in selecting a raw material, it is important to ensure that
one is not paying for more properties than 1s actually required. Further, he stated that the
material selected must be such that the total cost (material cost plus its manufacturing
impact cost) leads to the most economic combination. He also suggested that the
selection of the most suitable material for a given application depends not only on material
properties but also upon the most suitable design and production method. Based on that,
in assessing the economics of any given application, it is necessary to consider not only the
basic material cost but also the fabrication and finishing cost involved when a given
material is used. These statements are excellent guidelines for effective economic material
selection by using the principles of value analysis.

Tn 1979, Farag [22] in his book "Materials and Process Selection in Engineering”,
further extended Sharp's ideas. He devoted several chapters to deal especially with the
general 1deas for raw material selection as well as for the selection of production process.
He also pointed out that the selection of raw materials should also consider production
processes involved, and that there is an interactive relationship between the raw material
properties and the processes. He further proposed that the production process needs to be
adapted to the requirements of the raw materials used. He proposed the following step-

by-step method for economic raw material selection:

1. Analysis of material requirements
Function requirements
Processability requirements
Material costs
Reliability requirements
Service requirements
2. Classification of matesial requirements

3. Development of alternative solutions

12



4, Evaluation of aliernative materials

5. Decision regarding the optimum material

The above steps are very similar (o the general value engineering (analysis) steps,
but are adapted to fit the economic material selection case.

He stated that, since the material price is related to material properties then, for a
particular material application, a cheaper material might not actually be the right choice if
it turns out to be difficult and expensive to process.

In 1984, Thuesen et al. [100], restated that, from an "economics" pomt of view,
when two or more materials may serve equally well from a function standpoint, the
relationship of their cost, availability, and processing cost impact should be considered in
determining which one is chosen. He poinied out that, in some cases, the decision to
substitute one material for another may result in an entirely different sequence of
processing. He also stated that to determine the comparative economic desirability of two
materials, it 1s necessary to make a detailed study of the costs that arise when each is used.

In summary, the value analysis literature gives us the basic concepts and general
ideas to be followed during the raw material selection process, but falls short regarding
detailed measures or procedures. These clearly need to be further investigated for better

understanding of the problem and for real, in-depth industrial applications.

2.2 INDUSTRIAL MATERIAL SELECTION PRACTICE
In material selection practice, manufacturers increasingly have come to realize that

the material specification should depend on the manufacturing requirements as well as

product design requirements.
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In 1966, Swaton and Weaver [94] suggested a five step approach to supplier

quality control, These are;

1. Categorize malerials
2, Determine quality requirements to impose on manufacturers
3. Apply these requirements to the purchase document

Plan for and receive procured hardware

Moo

Follow up on correct procured hardware

‘These steps can be considered as a generalized rule for raw material selection
practice. Manufacturers have also become increasingly aware that it is very difficult to
define the "real quality requirements" for the materials.

In 1967, Burr [11] snggested that, when making the material selection, the desired
distribution of material characteristics should be specified, rather than only the maximum
and minimum limits, since maximum and minimum specification are often misused and
misinterpreted in industry and do not emphasize what is actually important. By placing the
emphasis where it belongs, it is possible to be more realistic and to achieve greater
economies. In the same year, King [52] proposed a "new approach', claimed to be
different from the usual material selection practice. In his paper, he stated that the
traditional approach for vendor selection includes a vendor survey and vendor rating based
on the results of inspection of received materials. He believes the concern over quality
should ideally result in the manufacture of optimally controlied products, not merely
specification-oriented conforming product. This idea is exactly the same as Burr's [11]
suggestion. An example was given in his paper for comparison of the final product
performance with two kinds of raw material distributions: a permissive (uniform)
distribution and a superior (normal} distribution. From the results of the example, the

material with the normal distribution gives a much more stable final product performance
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value than the material with a uniform distribution. He stressed that the raw material
seiection should be based on the performance of the material throughout the production
process.

More recently, many researchers and practitioners have been questioning the use
of interval specifications as a quality standard. In 1982, Shaw [89] pointed out that
quality should be determined on the basis of the consumer's satisfaction; thus, an
assessment of the consumer's perception of quality is needed for establishing an
appropriate, modern quatity standard. Unfortunately, he didn't consider that the material
price and manufacturing cost are related to the material quality although this relationship
can be very important in many cases. In the same year, Bhuyan [9] suggested that the
consumer has some "ideal" value for the guality characteristic, and the consumer's
satisfaction is inversely proportional to the deviation between the ideal value and the
quality perceived by the consumer. Bhuyan's idea is further extended by Taguchi. In
1984, Taguchi [95] suggested that quality should be measured in monetary units and that
quality cost, the cost incurred because of imperfect material quality, should be
approximated by a quadratic function of the quality deviation from the ideal value.
Taguchi's quality cost concept has drawn increasing attention in the last few years
although quality cost concepts can be traced back to Juran's (1951) well known handbock
[42] for quality control. This type of quality cost formulation is very valuable in concept.
On the other hand, it is noticed that manufacturers may have difficulties to determine the
real sources of the various costs that are incurred due to the improper of material
characteristics.

In 1984, Pettit {73] considered the vendor evaluation problem. In his method, he
identified four areas for evaluation: materiai quality, material price, material performance
and facility capability. His approach is the most sophisticated among existing vendor
selection procedures which generally concentrate mainly on evaluating the vendors'

production processes without considering the interaction with producer's (buyer's) own
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production, guality requirements, control, and sales systems. However, estimation of the
material quality cost is still a very difficult task because purchased items are often used as
part of the production process and it is hard to isolate their effect on the quality cost of an

individual material,

2.3 RAW MATERIAL SELECTICN MODEL

Although there are not many mathematical or analytical models directly dedicated
to the topic of optimal raw material selection, some techniques are reviewed here because
they are closely related to our topic and deal with optimization technigues for material or
production quality control.

For years, researchers have used various mathematical formulae trying to guide
optimal quality control levels and material requirements from an economic perspective in
order to achieve maximum profit. In many of these mathematical formulations, it is
assumed that the most desirable values of the parameters of the distribution of the material
quality (properties) are given and that the actual problem is to optimize the production
processes or procedures for controlling the product quality.

In 1962, Bettes [8] treated a somewhat simplified version of the above preblem by
considering the simultaneous choosing of the optimal upper specification limit and the
process level. His work showed that a normal statistical distribution for quality deviation
may be used to solve some problems in manufacturing o give a certain quality
specification (for quality control) in order to minimize the cost. In 1951, Springer [91]
treated this problem under the assumption of constant net income functions with both
upper and lower specification limits. He also assumed a gamma distribution to represent
the quality characteristic. The solution he reached can not be easily applied due to the
complexity of the resulting mathematical expressions. In [977, Hunter and Kartha [41]

solved the problem with one specification limit, assuming the net income function for
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accepted items to be linearly decreasing (expressing the give-away costs), and constant for
rejected fiems. There is, however, no explicit solution for their assumed conditions.
Nelson [67], in 1978, provided an approximate solution to what he claims to be "at Ieast
two decimal accuracy”. In 1979, Nelson [68] also constructed a homograph to Springer's
solution, thus making easier to use. In 1984, Carisson [13] assumed that the guality
characteristic is one-dimensional and normally distributed with a known variance. He
further assumed that the net income function is a piece-wise linear function of the quality
characteristic and that all items are inspected. The solution he reached is still not explicit
enough to be useful for industry. In the same year, Bisgaard et al. [10] formulated another
implicit solution for a similar problem,

- Although the techniques mentioned above may be academically and mathematically
sound and could be adapted for our economic raw material selection approach, they are
however difficult to apply in an industrial setting. The main reasons for this are: 1. They
make too many assumptions for the mathematical formulation, many of which may not be
true, or not exactly true, in real industrial cases; 2. The solutions are too complicated to
apply since most do not provide clearly usable expressions. As a result, these approaches
do not give us the ability to deal with real situations effectively and easily.

In 1988, Tang [96] preposed an economic model for vendor selection. Two
decision factors are considered in the model: price and material quality. In the formulation
of the model, material quality is expressed in terms of monetary units, then combined with
price to establish a cost-effective decision criterion for vendor selection, In his model the
material quality cost is expressed by Taguchi's generalized arbitrary quadratic cost
function: ¢ (y) = a(y - t)? , in which the consumer's ideal value of y is assumed to be t.

Assuming the raw material parameter follows a normal distribution and having a
defined target value for a particular application, and using the above quadratic quality cost
function, Tang [96] formulated a mathematical model to express the quality cost of a raw

material. This value, combined with the raw material price, forms Tang's raw material
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selection criterion. In his paper, he also gave an example, using a FORTRAN program, to
calculate the raw material quality costs and select the better material from among two
candidate materials.

In order to support his formulation, Tang [96] mentioned that Taguchi's method
[95] had been successfully used by many Japanese companies and that it has proven to be
a cost-effective method for improving manufacturing processes and product field
performance. In his paper, he also described the effect of the interaction between the
manufacturing process r(x) and the raw material performance characteristic value x to the

final product performance characteristic value y. Figure 2.1, shown in his paper, follows:

product performance characteristic value

£{x)

manufacturing process

material performance characteristic value

Figure 2. 1 Relationship between Material Characteristic Value and Product Characteristic Value

Figure 2.1 shows that the manufacturing process r(x) plays a very important role in
the selection of the material quality characteristic. Since the effect of material properties
on manufacturing processes vary with different situations, his mathematical formulation
does not include the impact of the manufacturing process on his raw material selection

criterion, but includes a vague quadratic quality cost function. The contribution of Tang's
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model lies in his transferring of the raw material economic selection idea to a systematic
and scientific decision process by mathematical expressions and calculations.,

Even so, Tang's model [96] exhibits several problems, which strongly detract from
their industrial application.

First, using Taguchi's quality loss function [95, 96] as the material cost cannot
always represent the real cost effect of the selected material. In 1992, Sprow [92] pointed
out that, although the concept of the quality loss function is very good, "nobody knows
the actual loss-function curve, it is a concept nobody can define, and it would be different
for every product. The basic message is simple, there is no need to complicate it with loss
function.". In industrial situations, the total cost effect of a selected material depends on
many factors, which include the manufacturing process, product function, customer
requirements, etc. Thus, the cost effect of material may not be a well defined quadratic
curve, but could be made up of step lines or any type of curves, or mixed combinations.
To analyze the total cost effect, we need to dig in for a more detailed analysis that reflects
real circumstances.

Second, Tang's model [96] only considered the effect of one raw material
performance characteristic value (parameter) on the material cost or cost effect in its
application. In actual cases, several material parameters may affect the total cost effect
(costs on production processes as well as on product quality) of the material.

Third, Tang [96] mentioned the cost effect of the interaction of manufactaring
process and material only in conceptual terms. In many industrial cases, the
manufacturing processes are quite complex, different processes may "'prefer” different raw
material parameters and the related effects on cost may be different for each process.

As a result, Tang's mathematical model is not really satisfactory for use in

industrial material selection.
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24  COMPUTER SIMULATION IN THE ANALYSIS OF QUALITY PROBLEMS

Because of the complexity of industrial problems, mathematical and optimization
models and techniques usually have difficulty In representing most industrial quality
problems. In order to approach real industrial problems, computer simulation becomes an
increasingly attractive method. In 1977, Lester et al. [54] pointed out that simulation can
be used to imitate real world relations, and the greater the similarity of the simulation
variables to actuality, the more useful will be the study. A sampling plan for material
quality inspection and product quality inspection is given by them as an example in the
search for the optimal amount of inspection required for raw materials as well as for each
production operation, From successive outputs of their simulation runs, an optimal
procedure for quality inspection is revealed. In 1978, Dalal [18] gave a case study of a
simulation example to search for optimal production and process control in order to
achieve a better quality product. A dynamic mathematical simulation model helped the
manufacturer (in this example) to select the optimal operating conditions. In 1984,
Buzacott and Cheng [12] used computer simulation to model quality control system in an
assembly line. The stmulation model enables the user to answer questions such as; where
to carry out the tests and the inspections? How much inspection and testing is required?
What incoming quality should be required of each component? What quality level should
be sought of the individual processes? and so on. Their quality simulation model can
serve as a powerful tool for users to gain insight about the behavior of the system and to
explore the optimal process parameters of each process as well as the structure of the
system. (In fact, this is what we are interested in as well). In the same year, Peters and
Williams [72] used computer simulation as a tool (o establish an effective quality program
for the inspection and testing of critical product attributes. Their simulation model can
answer "when and where" in the production process should the actual inspection be

performed. It appeared plausible that not all potential quality checking location are
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economically equivalent; more likely, given differentials in cost structures and process
characteristics, some combinations of inspection sites may prove 1o be economically
preferable to others. Five heuristics were evaluated and the economic trade-off relevant to
a given inspection plan were investigated. Some similar quality inspection planning
approaches using compuier simulation were also given by Palaniswami and Hassan [70] in
1988 and by Saxena et al. [85] in 1990.

In summary, we can conclude that computer simulation, as an approach to
economic quality inspection planning has been widely studied, recognized and proven to
be useful to industry. Unfortunately, much of the simulation work in this area is only
limited to problems of quality inspection planning, No simulation work in the published
Eiteraturé has been found to be directly related to economic raw material selection
problems. We believe that computer simulation, can be a very powerful tool to effectively

study and assist in making cost effective material selection decisions.
2.5 CONCLUSIONS

The literature related to value analysis provides general guidelines for raw material
selection, but no detail method is availabie. The literature related to industrial practice
looks at the problem mainly from an every day practice point of view to judge the material
available from suppliers, but systematic cost structures to minimize to overall total cost,
have not been given. The literature related to material selection models does provide some
mathematical optimization and economic formulations, but too many assumptions make
these models neffective in representing the reality of industrial problems and the solutions
are always too implicit to be applied and easily understood. The literature related to
computer simulation mainly concentrates on economic inspection planning. No work is

found on the economic raw material selection problem. We thus conclude that, although
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some research work has been done, there are no systematic approaches available to
provide some generalized guidance for this common industrial problem.

In this research, we will absorb some useful ideas from the literature and develop a
systematic, effective and applicable economic raw material selection strategy. The main

aspects of our research are:

1. We have used the basic ideas of value analysis. To define a better material,
we consider whether it brings more benefit or value than the "extra' expenses associated
with it. In our model, we consider all types of cost impacts of a material on its application

process. Our raw material selection criteria is defined as its "total overall cost impact”.

2. To indicate its industrial application, we use a realistic example for most of
our analysis. We first define or analyze the requirements for the material guality, then,

provide a systematic solutions for this particular problem.

3. A new analytical approach is demonstrated to guide this raw material
selection approach. A series of equations are developed which can be used for raw
material selection practice. We also realize that the application of this approach is limited

since certain assumptions must be adopted for this approach.

4. We use computer simulation and optimization techniques in our analysis.
This techniques can model the material application processes and the simulate various
costs incurred, and can provide a systematic and advanced tool for detailed analysis of this

complicated problem.
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5. A knowledge-based approach - abductive network approach is applied in
this research. We demonstrate the usefulness of this method in the raw material selection

problem. Some advantages of this technigue are also addressed.
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CHAPTER 3

AN ECONOMIC MODEL FOR RAW MATERIAL SELECTION

An economic model for raw material selection is presented in this chapter. The
model considers three decision factors: raw material cost, additional manufacturing costs
due to material characteristics, and additional product quality cost incurred due to
inappropriateness of raw material quality. The "additional manufacturing cost" may

include items such as: extra operator costs, extra machine costs and extra quality costs.

3.1.  INTRODUCTION

Typically, an end product consists of an assembly of many separate components.
Since each part may have its own specific function(s) within the product design, each may
have individual raw material requirements. These requirements are mainly due to the
specific part's manufacturing process as well as its specific quality requirements. Raw
material of inferior quality may cause material losses, production delays, unnecessary
machine costs and possibly result in a poor quality end product. On the other hand,
without a thorough and systematic analysis of raw material quality requirements, the effort
to produce a product of high quality may result in unnecessary expenditures on raw
materials of higher quality than are really needed. This may adversely affect the product
and make it uncompetitive in the market. Technically and economically correct raw
material selection can, on one hand, satisfy local manufacturing requirements as well as
meeling customer concerns, while at the same time, reduce unnecessary costs incurred by

purchasing "overqualified” supplies.
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The aim of this chapter is to introduce a technically and economically appropriate
model for the selection of raw maferial quality, optimally satisfying the technical
requirements of the specific manufacturing process as well as meeting the product's
specifications and the customer's needs, at minimum cost.

From our literature review in Chapter 2, we noted that Tang [96] proposed an
economic model for vendor selection in 1988. His model was based on material price and
material quality. In his paper, Tang suggested in passing, that material guality be expressed
in monetary units. He established a cost-effective decision criterion model by combining
the material quality and price in an analytic format. He mentions a special computer
program for the cost calculation of a simple example. But, as stated by us previously,
there are some limitations in his model. First, Tang's mode!l includes only the cost of
product quality, but not the production cost nor other costs. Second, the Taguchi quality
cost function [95] used by Tang [96] cannot always represent the real quality cost exactly.
In many real cases, the cost function needs to be modified or deduced from real
circumstances. Third, Tang only considered the effect of one raw material parameter on
material cost. In most real cases, however, several material properties may affect
production process and product quality at the same time, These real Hmitations make
applications of Tang's model very difficult, or even impossible, ia real manufacturing
environments.

To make such an analysis more applicable, our approach attempts to include all
cost factors associated with a raw material that may have some effect on the
manufacturing process and product quality. Our model allows the consideration of all cost
parameters of interest, including Taguchi's quality cost function. In addition, our model
aliows for the influence of many maierial parameters and permits the interaction between
them. We believe that, although these modifications may make our proposed model

somewhat more complex, if may, as a resulf, be more applicable and more realistic.
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32  APPROACH STRATEGY

In order to select an appropriate material, one should consider its unit cost and its
eveniual impact on the proposed manufacturing process and manufacturing (i.e. end
product) costs. Here, manufacturing costs include, among others, operator costs (cost due
to operator's time), machine costs (cost due to machine maintenance and supplies) as well
as gquality costs (cost due (o quality problems). We believe these three costs essentially
cover all pertinent costs typically associated with raw materials. If one wishes to consider
other special costs, these can be easily added, since the model is an open one. In all of the
costs mentioned above, only "additional" costs (i.e.: costs incurred above the normal costs
.due to non-ideal raw material conditions) are included in our cost calculation. The cost
for ideal raw material conditions is not inciuded in the model. This approach allows us to
reduce the requirements for cost information to a minimum. For example: if because of
working with some inferior quality material an operator needs two minutes to finish an
operation, but needs only one minute when working with a material of ideal quality, the
"additional cost" - or operation time, is only one minute. Hence, the operator cost in our
calculations would be the cost for the "extra" one minute, and not for the total two
minutes required for the task.

Assuming that a product part uses some raw materials, there are several quality
parameters to be considered for each. The raw material cost is decided by these
parameters and by their degree of variation on the market. Bach material parameter has its
own effect on the manufacturing processes to which the material will be subjected, and on
the product properties (including cost) required by the customer. Parameters may
interactively influence the manufacturing process(es). To address this, we develop a
"mixed" parameter as the acting parameter, in order to analyze the material's effect on the
cost. We define those parameters which directly affect the processes as acting parameters

whether they are single or mixed parameters. To analyze the costs associated with the
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raw material, we need to analyze the effect of each of these acting parameters on each of

the associated processes and on the resulting costs.
3.3  THE PROPOSED RAW MATERIAL SELECTION MODEL

Assumptions:

A-10 Assume that there are n manufacturing processes (called py, po, ....pp)
associated with each raw material.

A-2; Assume that each raw material has m acting parameters called r{, 19, ..., Iyp.

A-3: Assume that the operator cost, machine cost and quality cost in process i on
parameter j at the condition given by the parameter values at a point "x" are given by

0jj(x), Mjj(x) and Qy(x) respectively (see Fig. 3. 1).

Additional Cost Qjj or Mij or Qij

A

Caost Function O#{x) or Mij(x) or Qii(x)

X Raw
T t Val .
bl Material
Parameter
(%)
Parameter Density Function
Figure 3. 1 Additional Cost Function Related to Raw Material Parameter
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When the value of parameter x changes, all the costs associated with this particular
raw material may change accordingly., When this value of parameter x is at the "ideal"
level, all of the associated costs would be at a minimum level {remembering that costs, in
our case, mean "above-normal" costs).

The cost per unit of raw material is labeled as RMC.

RMC includes direct raw material price as well as various material handling costs
before it is used.

Typical material parameter ranges are taken as:

Parameter 1. from aj to by;
Parameter 2: from ag to bo;
Parameter m: {10m agy (6 by,
Assume that the raw material parameters 1y, 1, ..., Iy, fit distributions: fy(x),

f2(x), ... Iy(x) respectively (Fig. 3. 2).

Additional Cost Qi

&

Cost Function Qi{x)

X Raw
Material
Parameater

Qiix)

- Parameter Density Function

dx

Fig. 3. 2 Additional Manufacturing Cost Calculation
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As stated previously, the manufacturing cost in process i associated with
parameter j for each material includes the "extra™ operator cost, machine cost and quality

COst.

From Fig. 3.2 -- we can express, for parameter [ on process [, the manufacturing

COSt as:
ECZE{OII(X)"‘MU(}C}%—QH(}{)]dﬁ(x) (3.1
For parameter 1 on process 2, the manufacturing cost is:
fj;[oﬂ(—’c)* M1 () + Op 1 () dfy (%) (3.2)
For parameter 1 on process n, the manufacturing cost is:

b
Sy O () + My () 0 (0N () (33)

Hence, for parameter 1, the total manufacturing cost MC on all processes

associated with this material can be expressed as:

MC1= EL‘Z [0;1(x) + M1 (x) + Oy (x)Mdf (x) G4
i=1

Similarly, for parameter m, the total manufacturing cost over all processes

associated with this material is:

n
MCn=Y' j::[o,-m(x Y+ My () + Oy (1 (X) 3.5)
=1

For all parameters from 1] to 1y, overall associated processes pj to py, the total

manufacturing cost is then:

m
MC =Y MC; (3.6)
Jj=1
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moA .
MC= 3}, ij 04 (x)+ My(x) + Oy (e df () (3.7
j=1i=1 4

The raw material selection criterion (RMSC) can be defined by:

RMSC =RMC + MC + QC (3.8)

QC:  Quality Cost of the Final Product

QC represents the impact of the raw material on final product quality. This cost
may include the cost of product rejection by customers and the cost of detrimental impact
on company image caused by a poor quality final product. This cost also indicates the
above "normal' cost due to the use materials with non-ideal properties.

If several possible raw materials are available for selection, the raw material with
the lowest RMSC value would be the best candidate since it would offer the lowest total
cost.

In order to make high-quality decisions, it seems logical to require high-quality
information inputs. Hence, for this type of analysis, in which the various costs form the
basis for the analysis, the correct raw material selection depends clearly on the accuracy of
the cost information.

Under realistic conditions, the material parameter variations may follow normal (or
any other) distributions while costs may follow various types of functions (continuous,
step, etc.). This may make our MC expression very complex and difficuli to formulate in
an analytic form. This difficelty does not really affect the solution of the uaderlying
problem since the actual analysis is quite straightforward.

In order to solve such realistic, complex problems, we suggest that computer
simulation would probably be the most suitable method to proceed with our proposed cost
calculation model. Computer simulation can easily handle any type of raw material

parameter distribution to represent real statistical conditions. From the parameter
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distribution and associated cost data from the function, the mannfacturing cost can be
obtained easily. The raw material selection criterion (RMSC) can be obtained accordingly.
Each product part needs to be analyzed separately as regards its planned manufacturing
process to find which raw materials fits most economically. The combined information can

rovide a verv useful input into the product's manufacturing and decision-making process.
D )4 p p g gp

3.4  MIXED INDEX HANDLING

It is common that manufacturing cost is atfected by the combination of several raw
material properties interactively. A realistic example is that the machine (die) wear of a
press in a pressing operation is affected by both sheet thickness and steel hardness {24,
90]. In industrial cases, raw material properties may interactively work together in many
ways to atfect the manufacturing cost. It could be difficult to analyze the real impact of
each material property on the additional manufacturing cost separately simply because
each acts interactively with others. Two typical problems are introduced here to show
some techniques in dealing with these problems.

One case is when two (or more) material properties may work together in a similar
way to affect the marwfactaring process. For example, sheet metal in pressing operaticn,
the thickness and yield stremgth are two material properties affecting the formability
[90]. The thicker the sheet metal and higher its yield strength, the more difficult it is to
bend the metal sheet. Since they work together to affect the formability, we cannot find
out their relationships with the formability individually; we need to determine a mixed
index to represent the effect of both of them together. Assuming xy represents yield
strength and X9 represents thickness, then the mixed parameter x can be expressed as x =
f(x1,x9). A useful method that may be used to determine the relationships between x and
x1 and x2, 1s to set the two parameters x|, X7 at several levels, and carry out a series of

bending experiments, and then to correlate the relationship between the two properties
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and the mixed index - formability of metal sheet. After knowing the relationships, the
statistical distribution of parameter x can be obtained through simulation analysis or
analytical analysis of the two known statistical distributions x1 and x2. The additional
manufacturing cost MCj; can be expressed and analyzed as MCy; = g(x). Then, g(x) is the
function relating the material mixed index (combination of steel hardness and thickness)
and the extra manufacturing cost,

Another case considers the situation when two (or more) properties may work
mteractively in & dependent way to affect the manufacturing process. As we stated
before, we cannot analyze them individually, simply because they work interactively. One
example of this, for our case, would be the welding operation for connecting two sheet
metals. The thickness & hardness together with the ameount of oil on the sheet metal
mteractively affect the weldability {24, 27]. If the welding energy is too large, the welding
heat may burn through the sheet (which counts as defect). If the energy is too low, the
welding strength between sheet metals may be not enough (also resulting in a defect). The
thicker and harder metal can withstand higher energy levels that result in a stronger weld.
Heavy oil coatings require high welding energy to burn through the oil film before the real

welding starts. As a result, we can identify several possible cases in this situation:

1. Thick and hard metal sheet with a little oil on the sheet: a perfect welding can
be achieved.

2. Thin and soft metal with a little oil on the sheet as well as thick and hard metal
with heavier amount of oif on the sheet: may achieve a good weld if the proper welding
energy is used.

3. In the case of thin and soft metal with a high amount of coating oil on the metal
sheet, divect welding may cause either a "burn through" or a "missed weld" since thin and

soit metal can only withstand a low welding energy level while a large oil amount on the
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metal sheet requires a much higher energies to burn off the oil before the actual welding
Process.

Thus, the weldability depends on the relationship between the thickness &
hardness and the oil amount on the metal sheet.

Assume x represents the combination of yield strength and thickness and y
represents the amount of oil. The base relationship for a marginal weld between them
could be expressed as x = f(y), which means that, for a certain oil amount y on the metal
sheet, the weldable thickness and yield strength of the metal should be equal to or larger
than x.

This relationship also may be obtained by a series of welding experiments. The
method requires the setting of the parameters at several levels in order to determine the
relationship between the mixed index and the "oil amount"” in the welding process. From
the above analysis, we know that two (or more) parameters need to be used at same time
in order to analyze the cost. The extra manufacturing cost MCij can be expressed by MCij
= g(x,y). The g(x, y) is the combination effect of the raw material parameters x and y on
the extra manufacturing cost.

In practical situations, the interaction between the properties of the raw material
may be more complicaied than illustrated in the two examples above. However, based on
the above approaches and through an analysis of their relationships, the correct expression

between parameters may be determined for further manufacturing cost analysis.

3.5  CONCLUSION

A new raw material selection model is proposed. The criterion for the selection of
technologically and economically optimal raw materials is the combination of material
cosi, exira manufacturing cost and quality cost of final product. The extra manufacturing

cost is based on costs associated with any specific raw material obtained from detailed
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analysis of the manufacturing process to which that raw material will be subjected. The
actual manufacturing costs used in our model are the "excess" costs experienced as a
result of that raw material's incomplete compliance with “ideal” specifications and is
expressed i terms of "exira" operator costs, "extra" machine costs and “extra' quality
COsts.

Due to the complexity of real industrial problems in terms of the expression of all
required factors in the appropriate analytic relationships, we suggest that they be solved by

means of computer simulation methods,
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CHAPTER 4

CASE ANALYSIS: PART |
MANUFACTURING PROCESS AND PRODUCT QUALITY
ANALYSIS

The Chapter 4 and Chapter 5 deal with the collection and organization of data for
use in the subsequent simulation study. The data collected in this study was obtained from
the following sources: 1. Literature review; 2. Conversations with the manufacturer,
and 3. Our best educated estimations. The data collected is only a rough estimation of the
actual case. They are only used as a background material for our approaches.

In this chapter, various manufacturing problems related to material properties are
described, and the relationships between material properties and their effect on different

manufacturing processes are analyzed.

4. 1. GENERAL STATEMENT

The following discussion uses our industrial exampie as a vehicle.
The manufacturing process for the ceiling diffuser products can be simplified as

shown in Figure 4.1:
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cenley eone

material (sheet metal) manufacturing process

product {ceiling diffuser}

Figure 4,1 A Simplified Ceiling Diffuser Production Line

From Figure 4.1, it can be seen that the ceiling diffuser product is assembled from

three main parts: the outer cone, the middle cone and the inner cone (as well as some

other small components). Due to the thickness of the sheet required, the raw materials for

these three cones are all cold rolled (instead of hot rofled) low carbon sieel sheet. After

the pressing, forming, welding, painting and assembly operations, the product, then, is

ready for packaging and shipping. Since each part experiences different manufacturing

processes and plays different functional roles in the final product, each has different raw

material sheet prbpertics requirements. Our example analysis concentrates on the material

requirements for the Cuter Cone of the ceiling diffuser.

shee! mefal

shope pressing neck farming oihers

final Inspection

packaging

Figure 4.2 Manufacturing Operations of the QOuter Cone
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We can see that the sheet metal for the outer cone experiences pressing, forming,
painting, final assembly, final inspection and packaging operations. Pressing, forming,
final inspection and packaging operations (see Figure 4.2) are our interests in this analysis
since we believe the painting and assembly operations are not (or not significantly)
affected by the sheet metal properties. Our analysis concentrates on how sheet metal

propertics affect the operations.

4.2 SHEET METALS

There are two types of processes to produce sheet metal: hot rolling and cold
rolling. Asitis known that the variation of properties is greater for hot rolled than cold
rolled materials [58] and that the hot rolled method is limited to producing relatively thick
sheet metals (> 1.2 mm or > 0.045 in.). For the ceiling diffuser application, only cold
rolled low carbon steel (0.35 - 2.0 mm or 0.014 to 0.082 in.) can be considered.

Low carbon steel sheet comes in three types of quality: commercial quality, draw
quality, and draw quality special killed. Each of these three types of products also has a
series of grades corresponding to the carbon contents in the metal [46]. Since different
materials have different chemical components, their mechanical properties are different

(see Figure 4.3),

Yield Strength (ksh Elengation (%)

commercial quality
drow quality

drow quclity special kiled

Figure 4.3 ‘Two Mechanical Properties of Three Types of Sheet Metals
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Since commercial quality materials exhibit the biggest variations and widest ranges
of properties, they, of course, have the lowest price in the market. Draw quality special
killed sheet metals exhibit the least variation and show the narrowest range of properties.
Draw quality sheet metals lie in the middle. Among these three general quality types,
there is a significant overlap of property values for all qualitics. The higher the quality, the
better and more uniform the properties. For example, in the commercial quality, the total
elongation (important to shape formability) is in the range of 32% to 45%. In draw
quality, the total elongation is in the range of 34% to 43%. It is possible for a company to
buy a material with a low price but still with adequate quality specifications if the
company knows the real technical requirements of the material for a particular application.

Both commercial quality and draw quality sheet metals exhibit the problem of
Yaging" [46,83,90]. The aging problem has two affects on the application of the metal:
one is a loss of ductility and the other results in stretcher straining and fluting problems
during forming. To avoid or reduce the effect of aging, some or all of the following

measures may be used:

fu—

. Prompt use of sheets;

[

. Effective roller leveling;

[F8]

. Reduction of delay between draws;

4. Avoiding exposure of sheet to over-heating condition.

For different application, different mechanical properties are prefeited. For
bending processes, the thickness and the yield strength of the sheet metal are considered to
be the most important factors. For drawing or stretching processes, the elongation,
thickness and hardening exponent are considered to be most important. The most
common parameters for description of sheet metals include: tensile strengih, yield

strength, unitorm elongation, total elongation, hardness and thickness.
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4.3, MATERIAL CHARACTERISTICS

4.3.1  Material Characteristics

There are many characteristics which can be used to describe the properties or
characteristics of sheet metals. These include chemical content (carbon content, etc.),
mechanical properties (tensile strength, yield strength, total elongation, uniform elongation
etc.), formability (form limited diagram, hardening exponent, strain limiting coefficient,
cup-height etc.), and other properties (thickness, width, hardness etc.).

To a general manufacturer of steel sheet products, the material hardness and
malterial thickness are the most common characteristics used for material testing due to the
easiness of their measurement. The problem is that these two characteristics are not good
enough to make effective predictions and can not be directly related to its manufacturing
processes. If suitable facilities for sheet material testing are available, more material
characteristics can be examined and thus provide more information to assess the impact of
those materials on the manufacturing processes and product quality. Unfortunately, some
properties are very difficult to obtain, or the general manufacturer may not have the
facilities to do the testing. To best de_;scribc the effect of materials on their application, we
choose here three material quality parameters to describe the sheet material: material
thickness, material yield strength and total elongation. These three parameter are
relatively easy to get and most importantly, from the investigation of previous research
work, can be used effectively to describe the impact effect of the sheet material on the

applications mmvestigated.

4.3.2 Relationships Between Yield Strength and Total Elongation
The yield strength and total elongation are two of the mechanical properties we
consider. These two properties are closely related to each other. Generally speaking, if a

metal has high yield sirength, it will have a low fotal elongation value.
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In some application, we may have different expectations or preferences about
different properties. For instance, if we need a metal (o have good stretchability, we
expect the metal to have a higher percent total elongation; but, if we need a metal piece to
have a solid structure for handling, we require a metal with higher yield strength. If we
need both of them at the same time, then we need to make some trade-off between these
two properties. The material which best satisfies the requirements should have adequate
total elongation as well as enough yield strength. To make an effective selection, we need
to understand the relationship between the mechanical properties of the metals in detail.

There is no clear or explicit relationship between these two properties, but we
know they relate to each other. A simple method fo find their relationship is to make a
series of experiments on sheet metals for these two properties, then relate the properties
data in a linear or quadratic form. The more data collected for the analysis, the more
accurate a relationship may be reached.

The data used for our analysis is based on the data presented by Hecker [34] in
1977. The data is shown in Appendix A. All materials tested are low carbon steel sheet
and the tensile specimens were prepared in accordance with ASTM specification E-8. The
specimens were tested at a strain rate of 2 x 10-3 /5. All properties data are an average
value of tests taken at 0, 45 and 90 degrees to the rolling direction.

The yield strength (ksi) and total elongation data [34] are shown in Figure 4.4;
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Figure 4.4 Total Elongation and Yield Strength of Low Carbon Sheet Steel

We assuime that, X represents yield strength (ksi); Y represents total elongation

(%); alimear equation Y = a + bX represents the relationship between yield strength and

total elongation. From a least-square approach used to correlate these data, we obtained:

a=061.89, and b =- 0.67. The resulting linear equation becomes,

Y = 61.89 - 0.67 X with a correlation coefficient of - 0.8943, estimated standard

error of slope = 0.0863, estimated standard error of intercept = 2.73, estimated standard

error of estimate = 2.475, and percent of variance explained = 0.7997.

Total Elongation (v)

£

18 25

45 58

yield strengih (%)

Figure 4.5 Relationship Between Yield Strength and Total Elongation



Using the above approach, if we know the yield strength X, we can predict the
possible range of the total elongation Y of the metal with a desired confidence.
For a 100(1-«) percent confidence, the interval for the value y at a fixed x can be

described as:

y =Y iy (n—2)(estimated standard deviation of V)
2

For the above condition of n - 2 = 15, with a 95% confidence level (a equals

0.05), we obtained the value of tg 5(15) equal to 2.13 from the t-distribution table.
2

Since the estimated standard deviation of ¥ is 2.475, therefore, the value of

-ty (n— 2)(estimated standard deviation of V) reaches 5.27.
2

S0, the following relationship between yield strength x and total elongation y is
obtained:

y =61.89 - 0.67 x +/- 5.27
4.4, PROBLEM INTRODUCTION

To understand the impact of sheet metal material on the manufacturing processes
and quality aspects, we need to analyze all possible problems caused by material
properties. The sheet material properties here include metal thickness, yield strength and
total elongation,

As we mentioned before, only the operations related to the sheet metal raw
material properties are of interest to us. As for affected manufacturing operations, we are
interested in the shape pressing operation (to form the right shape), the neck forming

operation (to form the neck), the packaging operation and the final quality.
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We can classify problems caused by sheet metal material into three categories:
personnel invoivement (operator cost), machine involvement {machine cost) and quality
involvement (quality cost).

The information presented in this section mainly comes from the conversations
with production workers, engineering staff and management personnel [24]. Some
simplistic analysis of these problems and their related cost impact estimations are given in

the next secfion,

a) In the shape pressing operation, the analysis can be done as follows:

(i) operator cost {reason: pickup problem)

Pickup problems in the shape pressing operation reduce the production rate or

- productivity. It is due to the metal being too thin and/or with oo low a yield strength, so
that the metal sticks on the press or die after the pressing operation [27]. At that point,

one needs to manually separate the part and the die (or press) after the press is released.

(ii) machine cost (reason: extra diec wear)

Very high pressing forces used in the pressing operation increase the machine
wear, the machine and die maintenance costs and, to some extent, reduce the useful life
time of the press and the die used [24]. High press forces are caused by the metal being
too thick and the yield strength being too high, therefore a higher force [90,101] is needed

to bend or stretch the metal to the required shape.

(iii) quality cost (reason: shape springback)
If the springback problem effect is too serious, the shape of the part may affect the
acceptance of the product [24]. Springback problems are mainly due to the metal having

too much yield strength [90]. Since we only deal with low carbon steel sheet (with
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relatively low yield strength) and the shape of the end product is not very critical for its

application, this problem is not serious enough to be considered here [24].
b) In the neck forming operation, the analysis is as follows:

(i) operator cost (reason: pickup problem)
This is the same problem as discussed in the shape pressing operation. The effect
of this problem is not serious enough [24] to be considered in this operation in this

example.

(ii) machine cost (reason: extra die wear)

This is the same problem as discussed in the shape pressing operation.

(iif) quality cost (reason: problem of neck cracking)

Neck rips caused during the neck forming process reduce the level of customer
acceptance. They are caused by the metal being too brittle (low elongation) for the stretch
it_is required to undergo [46,47,48,49,50,51,59]. This problem 1s less likely to occur if the
material ductility (total elongation) increases and the material thickness increases [59].
Ripping problems are also less likely to oceur as the neck diameter increases and the neck

height decreases because the required proportional amount of stretch is reduced.
¢) In the packaging operation, the analysis is as follows:
(i) packing cost (reason: extra packing material and effort)

Product packaging is a decision based on the metal thickness. When the metal is

too thin, exira packaging material and effort is required [24], thus resuiing in more
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sophisticated packaging necessary to prevent bending during shipping. The packing cost

is more likely to increase as the material thickness decreases.

d} In the tinal quality inspection operation

(i) final guality cost (reason: part rigidity cost)

Poor final product rigidity increases the product shipment damage, product
installation damage and adversely affects the company's image [24]. The product rigidity
is affected by the metal thickness and yield strength [101]. Although the product structure
design affects the product rigidity (a box like shape is more rigid than a flat surface), the
thicker and the higher yield strength of the material. the better rigidity of the product
[101].

e) Product acceptance by customers
Unsatisfactory product quality in the eyes of the customer may increase the overall
product cost and reduce the company's image to customers [24]. There are three possible

problems related to our analyzed part.

(1) the shipment damage problem [24]:
It s less likely to occur as the product rigidity (the combination of material
thickness and the material yield strength) increases [101]. Itis also affected by the

packaging design.

(i1} the installation damage problem [24]:
it is less likely to occur as the product rigidity (the combination of material
thickness and the material yield strength) increases [1011. It is also affected by the

product structure design.
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(it} the neck ripping problem [24];
The neck ripping defects will be less likely if the company has tighter inspection
criteria. It is also less likely if the material has better stretchability and the product has a

lower stretch requirement [27].

In the modem competitive manufacturing environment, a zero defect level is the
target for many companies and the defects should not fall into the customers' hands. In
our later nvestigations, we assume all of the problems which may be received by the
customers can be inspected and eliminated before the products are shipped to the
customers. In our case, if the final inspection (rigidity) is tight enough and the packing is
safe enough, the shipment damage and installation damage should be avoided. If the neck
forming quality is inspected strictly enough, the product with a ripped neck would not get
mto the customers' hands. We assume hereafier that the customers always receive quality

products and thus, customer acceptance will no-longer be discussed in cost terms.

The problems presented above are real concerns to manufacturer. Selecting the

right material may help to eliminate or to reduce the above problems and related costs.
4.5 PROBLEM ANALYSIS

As discussed in the previous section, material properties have certain impacts on
various costs in the manufacturing processes. To analyze the seriousness of these cost

impacts, we need to address these problems in more detail.

Due to its length, this detailed analysis is given in Appendix F.
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4.6

CONCLUSION

In conclusion, a review of all manufacturing problems we have discussed are given

as follows (Figure 4.6):
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Tl inspection
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rigldify standard '

packaging

packaging cost

packaging setting

Figure 4.6

Summary of the analysis of the manufacturing problems

In Figure 4.6, the negative sign "--" means negative impact on the cost and the

positive sign ''+" means positive impact on the cost. The most suitable material for this

application wouid then be the material with the lowest overall cost which includes the

manufacturing and product quality costs discussed above, and the raw material cost itself.
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CHAPTER 5

CASE ANALYSIS: PART 2
PURCHASING PROCESS ANALYSIS FOR SHEET MATERIAL

This chapter is the continunation of the previous chapter on data collection and
organization, It deals with the material purchasing operation and the related costs. Two
kinds of material suppliers and the related purchasing processes are presented. The
-various costs incuired during material purchasing operations are also discussed (the data
shown in this chapter are based on conversations with employees of a local material

supplier as well as on our best educated estimation).

5.1 INTRODUCTION

In general, for a particular type of raw material, manufacturers have some
alternatives to purchase from several different suppliers. Effective selection of materials
and suppliers sometimes may significantly reduce purchasing operation expenses as well as
reduce manufacturing process costs affected by the materials purchased .

The raw material used for the case analyzed by us is cold rolled low carbon steel
sheet. This type of metal is a typical material for steel sheet products and is usually
available from several suppliers. Different suppliers may offer similar materials (with
slightly different properties} with different market prices, Different handling processes
may be involved in dealing with different suppliers. For an economic selection of raw
materials, there is a need to understand the various costs incurred during purchasing
operations from different suppliers. This is a part of the information needed for the

identification of the most suitable supplier and material available.
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5.2  COSTS IN PURCHASING OPERATIONS

'T'o understand the true material cost, we need to investigate the purchasing
process in detail. From analysis of a typical purchasing operation cycle (from one material
ordering to the next), the costs during the whole purchasing process can be categorized

into the following sub-costs:

Order Cost:  the cost for ordering a certain amount of material. This cost may contain
telecommunication costs, market investigation costs, personal visit costs and other related
costs [24,25]. In the case we discuss, the order cost is assumed to be $ 100,00 per order
if the material is ordered directly from a local warehouses [26]. It is assumed to be

-$250.00 per order in ordering from steel mills [26].

Material Cost: The direct material cost is related to the material unit price. This cost
may be affected by quantity, grade (commercial, draw and draw quality special killed) and

listed specifications [24,25] such as thickness (since the material is paid by weight);

Transportation Cost: The cost for transporting the material from the steel mill to the

warehouse or/and from the warehouse to the manufacturing plant;

Slitting Cost:  The cost for slitting the sheet metal material to a specified width;
Holding Cost:  The cost for holding the material in inventory. This includes interest
money invested in maierial as well as storage expenses [24], if applicable. Here, we only

consider the first one, the interest expenses. Interest of 10 % for material expenses is

assumed in our analysis {24,25,26].
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Out-of-Stock Cost:  The cost due to the need to cease production of a particular product
because there is no material available in the inventory. This cost varies according to
circumstances [26]. For a general manufacturing company, one always tries to keep some
extra material in stock to avoid the out-of-stock problem [24,25].

Although we only cited a few costs for consideration in our analysis, other
purchasing operation costs could also be considered for our simulation analysis (in a later
chapter). In a complicated manufacturing environment, all these costs may be changing
with time and with different circumstances. This makes the material and supplier

selection in real circumstances more dynamic and more challenging.

5.3 THE PURCHASING PROCESS FOR TWO TYPICAL SUPPLIERS

There are two typical types of suppliers available for the sheet metal product: the
local warehouse and the steel mill. The purchasing process for similar material from
different suppliers may be different. For each type of supplier, the purchasing procedure is
more or less the same. For our analysis, we take two sheet metal suppliers: Namasco - a

local warehouse (Winnipeg, MB) and Stelco - a steel mill (Hamilton, Ontario).

5.3.1 Purchasing From a Local Warehouse

The purchasing process from the warehouse for each cycle can be described as
follows:

When the sheet metal in the inventory stock of the manufacturing plant is lower
than pre-defined level, the company gives an order to a particular warehouse. It takes
about 6 days for the sheet slitting process and then takes about another 4 days for the
delivery of the slitted material to the manufacturing plant. The material price includes the

original material price plus the slitting cost (packing and freight cost is included in the
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stitting cost). The warehouse can monitor the sheet thickness for the company at no extra
charge. The warchouse can also provide the chemical contents information of the metal
with no extra charge. The information regarding the mechanical properties of the sheet
metal may need to take 1 more week's time, and at exira charge, since the testing is done
by an outside consulting firm. The manufacturer receives the sheet metal material to back

up the inventory and to feed the production. The purchasing loop is described as in

Figure 5. 1
tant invent
local warehouse e eniory
. coll selection
ratedal order to produciion
) delivery " .
sliting materkl inverdory
packing
cost + order cost materal price holding cost
' sliting and delivery cost out-of-stock cost
*inspection cost damage cost
fime le'c!d ﬂmela . ; defivery time
*inspectlon ime
Figure 5.1 Purchasing Process | (Local Warehouse As material Suppler)

5.3.2 Purchasing From a Steel Mill

The purchasing process from a steel mill for each cycle can be described as

follows:
When the sheet metal in inventory of the manufacturing plant is lower than a
certain level, the company gives an order to a particular steel mill, It takes about 60 8

weeks for material processing and it takes about 7 days to ship the material from the mill
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to a local warehouse. The warehouse does the sheet slitting work for about 6 days and
then, takes zbout another 4 days for the delivery to the plant. The material price for the
mill only includes the pure material cost, not the transportation nor the waste material in
slitting. The material slitting cost in the warehouse is for material slitting, re-packing and
freight. The warehouse can also monitor the sheet thickness and provide the chemical
contents for the company at no extra charge. The inspection of mechanical properties may
need 1 more week time and an extra charge, since the testing is done by an outside
consulting company. The company receives the sheet metal material to feed the

production. The purchasing loop is described as following Figure 5. 2:

steel mil local warehouse plant inventory
rraterlad order festin
trangportation L . o preduction
-——Es?):;‘ shest preparafion delivery .
‘ sliting _.E;) material inventory
) holding cost
cost o order cost matetal price shtting and delivery cost g cos
. . aut-of-stock cost
! fransportatlon cost * inspection cost
| domage cosi
I I
________ O
+ lead fime 1 fransportationtime . lead time 2 dellvery ime  :

*irspectiontime

Figure 5.2 Purchasing Process 2 (Steel Mill As Material Suppler)

5.4 MATERIAL PROPERTIES, LEAD TIME, PRICE AND RELATED COSTS

Material Properties:

The raw material used for the outer cone of ceiling diffusers is a low carbon steel

sheet. The normal thickness [24] for the material is from 0.024" (24 thou) to 0.031" (31

52



thou). The quality of material varies [24,25] from coil to coil, and varies even within one
coil.

In general, raw materials (sheet metal) from the local warehouse have larger
variations [24] since one warehouse usually contains all kinds of materials (variations of
thickness, grade, stocking time etc.). More careful selection in terms of material
properties is necessary for those demanding quality. On the contrary, raw materials (sheet
metal) from steel mills usually have a more stable quality [24] since they are directly from
the steel producer.

The quality we mentioned above lies mainly in the variation of sheet thickness and
the formability of the sheet metal. To get a general feeling for the sheet thickness, when
one orders 24 thou thick metal, the real thickness what one usually receives is in the range

~of 23 to 25 thou; sometimes, it may reach 21 to 27 thou [24].

Lead Time:

The warehouse offers much shorter lead time: about 6 days for material selection
and slitting, plus 4 days time for coil delivery [24,25]. The total time for ordering from a
warehouse to receiving the material ts thus about 10 days;

The lead time to order material from a steel mill is much longer: it takes about 8
to 12 weeks for steel processing [24,25]; In some special cases, it can reach 30 weeks
{over half a year). Then, it takes about 7 days' shipping time from the steel mill to a local
warehouse. Further, the local warchouse still needs another 6 days for sheet slitting and

also, 4 extra days for coil delivery.
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Material Price:

Some of the aspecis of the two types of raw material suppliers in terms of material
price are similar: the material price changes with different material grade (type), material
thickness and the order quantity [24,25]:

- the thicker the sheet metal ordered, the tower the price per pound [25] is since
less rolling is required.

- there are three quality levels for cold rolled steel sheets: commercial quality,
draw quality and draw quality special killed [24,25,58]. Commercial quality has the
widest specitication and, of course, the lowest price. Draw quality has better forming
quality and comes with a higher price. Draw quality special killed has experienced the de-
oxidization process (aluminum killed), so it has a more stable quality (no aging problem),
and comes with the highest price. In each quality level, there are different grades (carbon
contents are different too), but they are all at the same price level.

- In order to attract more customers and increase sales, large orders usually obtain

some price discount.

Material From a Local Warehouse:

Following are some typical relationships between material thickness and sheet
metal price for materials from a local warehouse [25]:

thickness (thou) 24 30 60 100

price (¢/1b. for cold rolled) 34 33 32 31
Similarly, some typical relationships [25] between material types and sheet metal prices

(thickness is 24 thou):
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type: commercial  draw quality draw quality special killed

price (¢/Ib.) 34 35.5 365

The above material prices mentioned are for general cases. For the same material
with normal price of 34 ¢/1b. sheet metal, one may have the opportunity to get it for just
32 or 33 ¢/Ib. in a good deal. This usually happens when some customer over-ordered
some type of sheet, which he does not needed anymore. For some low stock and high
demand sheet metal, the price can rise up to 39 or 40 ¢/Ib. [25].

Steel price also changes with time. When market demand increases, the price is
higher; but when market demand decreases, the price is lower [25]. For sheet metal
material with normal price of 34 ¢/Ib., the price may reach 335¢/Ib. the next month. For
some low demand material (e.g.: when afier one year in stock, the metal still can't sell), the
warehouse may "eat the cost” and offer it at a very low price to get rid of the unwanted
inventory [25].

For our analysis, only the normal condition for material price is considered.

Material From A Steel Mili;

As for the local warehouse, the material price in the steel mill changes with
different material grades (type), material thickness and ordering quantity.

Since steel mills are producers of steel sheet, they only accept large orders [25].
They require a bigger order amount for each order and have a minimum order amount per
year.

For the sheet metal we mentioned, one can obtain similar material (with tight
specification) 24 thou thickness for only 24 ¢/Ib. from the stee! mill under the condition of

a minimum order of 1000 tons per year [25].
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Transportation Cost:

If one orders material from a Jocal warehouse, one does not need to pay for the
transportation cost since the slitting cost covers the transportation cost in the warchouse.

The transportation cost between the steel mill to a local warehouse is not covered
by neither steel mill nor local warehouse, so the customer pays for the transportation cost
if ordering the material from a steel mill. From Hamilton to Winnipeg, transportation can
be by train or by truck. Since the sieel mill usually has a deal with the train company, the
transportation cost by train is lower than by truck. The rough cost for transportation from
Hamilton to Winnipeg is about 2.5 ¢/lb. by train [25]. By truck, the cost would be 3 ¢/1b.
($3.00/100 Ib. for a 35-ton truck load) [25].

Slitting Cost:

In the warehouse, the calculation of the slitting cost is according to the time spent
on the slitting process [25]. This process includes machine setup time and real slitting
time. Machine setup time for two widths is about 0.5 hour. The slitting time depends on
the slitting amount, the general slitting rate is about 22 min. per ton. The real cost for the
slitiing process is calculated at $3.0/min. (the time includes setup time and the slitting run

time).

Material From a F.ocal Warehouse:

After the above calculation, the warehouse adds 18% to cover overhead on the
shitting cost for the customers who order the material directly from the warchouse [25].
The slitting cost also includes coil packing and freight. For a very large quantity and for

favored customers, overhead can be reduced to 10% (not considered here).
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"The slitting waste (off-cut) during the slitting process is the responsibility of the
warehouse, and not the expense of customer. So the material price does not include the

material off-cut, "one just pays for what is received".

Material From Steel Mill

‘The calculation for the material slitting cost is the same as for material purchased
from a warehouse, but the overhead cost added on is 100% instead of 18% [25].

The slitting waste (off-cut) will be the responsibility of the customer, The material
price paid to the steel mill includes the whole material weight ordered, "one pays for what
is ordered"”. The slitting waste [25] may be quite significant (on average 5% of the whole
steel weight ordered) if the customer cannot use off-cut or cannot find someone who
needs the off-cut. If the offset is salable, the warchouse may take the material with 50%

off the original price for the off-cut after it is slit in the local warehouse.

Order Cost:

If one orders the materia! from a local warehouse, the ordering cost per order is

usually much less than the ordering cost from a steel mill [25].

Helding Cost:

Since a long lead time is required if the material is ordered from a steel mill, a very
large mventory is necessary to maintain the production. The holding cost, of course, is

then much higher in these circumstances than when ordering smaller quantities of the

material directly from local warehouse [24,25,27].
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Onpt-of-Stock Cost:

The out-of-stock problem exists when no more material is available for production
and the manufacturer waits for the ordered material. The reason for this problem is an
incorrect estimate of the lead time or the large variation of the lead time which makes it
difficuit for the manufacturer to correctly estimale the lead time. Although, in the
condition of ordering material from steel mill, this problem is more likely, the out-of-stock
cost depends mainly on the company's inventory policy. The more material inventory it

decides to keep in stock, the lesser is the chance of this problem happening.

5.5. COMPARISON OF THE TWC TYPES OF SUPPLIERS

We conclude this chapter by making a comparison for the two types of suppliers.

As we discussed in this chapter, the purchasing parameters and various costs in the

purchasing processes are listed as follows:

Purchasing Parameter Warchouse Steel Mill

Lead Time shorter longer

Minimum Order Amount lower higher

Metal Properties Variation  wider narrower

Material Price higher lower

Cost Warehouse Steel Mill

Order Cost lower each time higher each time
higher order frequency higher order frequency

Transportation Cost none higher

Siitting Cost lower higher
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Holding Cost lower higher

Cut-of-Stock Cost tess hikely more fikely

Due to the complexity of the purchasing operation, more detailed comparison for
the economic selectior of the material supplier can be done by means of a computer
simulation to model the purchasing process in order to calculate various incurred costs
over a certain period of time, We can, in the end, obtain the overall cost of the

purchasing operation.
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CHAPTER 6

AN ANALTIC APPROACH FOR DETERMINING
OPTIMUM RAW MATERIAL QUALITY LEVEL

For a general problem, an analytical approach can uvsually provide generalized
solutions and the results from such an approach often have the advantage of ease of use.
In this chapter, we use an analytical method to calculate the expected cost impact of raw
material characteristic(s) on its application process, and at the same time, to identify the
optimal raw material guality level. This approach, though limited in its practical
applications, provides an effective tool to resolve some of the simple problems. For more

complicated industrial problems, compuier simulation methods may be more appropriate.

6. 1. INTRODUCTION

In most industrial situations there are several alternative raw materials that may be
chosen for any particular application. It is therefore of interest to manufacturers to be able
to decide which raw matesial is the most technically and economically suitable for the
desired level of product quality.

Once a suitable quality level is selected, great cost savings and improvements in
manufacturing process efficiency may be achieved by appropriate selection of the raw
material. To make a cost effective choice, one should have a clear understanding of how
raw material quality characteristics affect its application process. The cost impact
assessment should be based solely on the effect of raw material quality characteristics.
This approach is assumed that the relationship between the material characteristic and the
material impact on its application process is known. Based on that, some analytical
solutions which may be used to assist manufacturers in determining the economic

alternatives and optimum level of raw material quality characteristics are formulated.
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6. 2. APPROACH

We assume that the relationship between a raw material property or properties and
their effect on the affected manufacturing costs is known. We also assume that the

statistical distribution for the raw material quality characteristic is known (see Figure 6.1).

costy
cost function v(x)

gudlity characteristic x

i

pi mpz

density distribution 00

Figure 6. 1 Hiustration of A General Problem

Hence, the expected cost effect for the particular raw material can be expressed as:
_ (P2
E= jpl y(x)f(x)dx (6.1)

Since, in reality, the function y(x) and f(x) can take on a wide variety of forms, it is
impossible for us to obtain the E value as well as the optimum quality level (usually, mean
value) in an analytical form. Fortunately, we can always use a series of piece-wise linear
functions to represent any form of the cost function y(x) within a desired accuracy. For
the present, we choose two statistical distributions for f(x) in the above formulation: a

uniform distribution and a normal distribution (see Figure 6.2).
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Figure 6.2 Problem Ilustration for further Analysis

6.3. FORMULATION USING A UNIFORM DISTRIBUTION FOR THE QUALITY
CHARACTERISTIC

Assume that the raw material quality characteristic of interest follows a uniform
distribution with an average value of u and width of 20; the density function for this
quality characteristic is then 1/26 in the range of (u-o, u+6). Within this range of the
quality characteristic, the cost function can be represented by several different piece-wise
approximations.

Case 1. Cost Function Represented by a Two-Piece Linear Function,

This condition is illustrated in Figure 6.3.
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cost functions
vl

density function

Figare 6. 3 Two Plece-Wise Linear Function With Uniform Distribution

The two piece-wise cost functions are defined as: yy=a|+bjx and yy=az+box.

- The expected cost function E(u) can be defined as:

k
E(u) = Ju—-o(al + blx)%)dx+ f;{% + ng)g%dx (6.2)
then:
2 2 2
B(u) = 5o {agk + bl; gk 2 g (g Paz0l
2
+ag(u+ o) +b2(_u+gl_} (6.3)

2

Since the k point corresponds to the intersection point of line 1 and line 2, then,

| 282 (6.4)
b2 - bl

Equation (6.3) can be used to compare the expected cost effect of different raw
material quality characteristics on the overall manufacturing cost. ‘To determine the

optimum quality level u for a raw material, we need to do some further analysis. We have:

11}
then, u= 21~ a%; E’i ~byo (6.5)
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a2 1

Z
Smee by<0 and by>0 (see Figure 2), d;éu} > 0.

From the above analysis, we can see that the average value u in equation (6.5)
corresponds to the minimum total cost value E(a) in equation (6.3). Eguation {6.5) also

can be written in following form:

a;-ag (by+hbylo (by +bolo
- _ ki 20 6.6
by by by-by bg - by oo

by>-by, thenu< k=122
bo — by

a; — ag
bg by

by <-by,thenu>k=

Case 2. Cost Function Represented by a Three-Piece Linear Function.

cost funciions

y2

© Kl e
: «
density function
Figure 6. 4 Three Piece-Wise Linear Functions With Uniform Distribution

The three piece-wise cost functions are defined similarly as: yy =a[+bqx,
yp=ap+byx and y3=a3-+b3x.

The expected cost function E(u) can thus be given by:
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ke k
Eu) = fijﬁ‘l + E:,lx)ug]g&:sm« fk; {(ag + bzx)%dx+

+ f;;?ag + bg};)%dx (6.7}

(6.7 yields,
1 bik? hok? ok bgks

E(w) :%{a1k1+ 121 %—azk‘g + 22 %agkl—%—agkz W"M%—z

—a (- o)~ _%Qizjﬁ_f+ a,(u—oc)+ 2Oy (6.8)
From (6.8), we have:
%%@:gg«{_a} ~b(u—0)+a,+b(u+o)=0
which yields: 1= 21—~ P10~ bg0 (6.9)

bg —by
and:
B _ 1 ~ by (6.10)
& 20 0 ‘
d*E(w)

Since by<0 and b3y>0, then > 0.
1 3 a 112

From this analysis, we can see that the average value u in (6.9) corresponds to the

minimum total cost value E(u) in (6.8). (6.9) also tells us that the optitmum point is related

to the linear functions at starting and ending edges only (here, at y] and y3).

Case 3. Cost Function Represented by an N-Piece Linear Function.

The n piece-wise cost functions are defined as:

yi=ajtbix, yo=ay+box, ... and yp=a,+byx.

The expected cost function E(u) can thus is given by:

65



k k
()= [ * (a;+bp)ghde+ j‘kf (g + box) ok-dx +

uta

o fkn_l{an + bpx)-bdx 6.1

which yield:
2 2 2

E(u) = i{alkl + bk +aghksy + oL +otan 1k g + bp-1kny

20 2 2

k hgk2 bok2.
—agky — —=—= “""’%f’“g“ —aply,  — 28l
a2 2
~a, (it —O)— b (u2 S) +a"(u—0f)-§—éig?am} {6.12)

Hurther, we have;

di(u) = —_l(;{-‘al "bl(u_ 0)+an +bn(u+0)}: 0
1/

The optimum quality fevel u can thus be described as:

_a3—a,-bio—byo

6.13
br— by (6.13)

6. 4. FORMULATION USING A NORMAL DISTRIBUTION FOR THE QUALITY
CHARACTERISTIC

Assume that the raw material quality characteristic follows a normal distribution

with an average value of u and standard deviation ©. The density function for the quality

_x-w?
e 2%

characteristic can then be described as: f(x) =
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Case 1. Cost Function Represented by a Two-Piece Linear Function.

,
v cost functions
X
density function
Figure 6. 5 Two Piece-Wise Linear Functions With Normal Distribution

The two piece-wise cost functions are defined as: yj=a; +bx and yr=an+byx.

The expected cost function E(u) can be given by:

Bw = [ (ay + bt [ag + by 6.15)
(6.15) yields,
B = [ e [ bpetodxs JraafComes [hpxixidx  (6.16)

For the sake of simplification, the (6.16) is defined as E(u) =11 + I+Iz+1y

correspondingly.

%2

The standard normal distribution can be written as: o(x) = \/—;_——e“ém, and we
T

also have that: ®(x) = f elx)dx

In (6.16), assuming z = X u’ with dz = %dx and dx=0dz, we have:
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22

k ;ET__{Z* 1 —— k'—" 1
= f idx = &3 2 d = ab
I =] erfde=a;] 0 7o P dz=ah——)
9
ke k-u 1 _E
b= f_w?&;ﬂ(x)dx: bng (u+ ZO)Tne 2 dz
2 2
I k-u 2
Wbljlcg u—:‘/é—? 2 dz+ blf_g ZG-—-?RQ 2 dz
k- -k
= bu® (=) ~ byog =)
G o3
i 2 k
<O o0 —_— _ u
13 = jkazf(X)dX: agfk?—em 2 dZ: az[}_m (I)( . )}
and:
s
Iy= fwbgiif(X)dxz b2j1°: (Ut 20)——e 2 dz
K ot NprS

= bQU;{Z— @(M)} — bz@{l“*" (P(E':I—{)}
(&3 6}

After above mathematic transformation, we obtained:

k—-u

E(u) = ag + bau+ boo + &( Nag — ag + bju— bow)

—(P(%E)(blc — boo)

(6.17)

Equation (6.17) can be used to compare the expected cost effects of different raw

material quality characteristics.

To find out the optimum quality level u for a raw material, we again need to do

some further analysis:
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B () _—
(2 é g _ k—u
du dud- o()dx = ~—o(——),
¢ (k; D gy - -
= — I_
du e Liﬁu

_ k-u. A k-u k-u
—(p(—~g X Z)(6)~ o3 q}(———g )

Then, from (6.17), we can obtain;

dBu)
du

k-u

= bz + @(}{m—u)(bl - bz) — —l-f{)(
o1 (o3

k-u -k
“—"Gf’g”—@(u—o_‘—)(blG — bzﬁ)

Since (p(ﬁ) = $(Em_%k), we obtain:
o o]

)(3-1 —ag + b}_ll— bgu)

WD)y + oy by — ) - oKWy 2B bk bgly e
du c o c
dHu) e ‘ . .
When = 0, at point u, the value of E(u) reaches a extreme point, resulting

du

8; —ag + blk—— bgk

)=0 (6.19)

by + D" )(h; — by) - (XU
o] 0]

Since we are unable to obtain an analytic solution for the value of u from equation

(6.19), a numerical search method is required to find the optimum value of u and E(u).

An optimal search method and a case example is shown in the next "Examples" section.
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Case 2. Cost Function Represented by a Three-Piece Linear Function.

v oA

cost functions

v3

v2

S

density function

Figure 6.6 Three Piece-Wise Linear Functions With Nommal Distribution

The three piece-wise cost functions are defined as: y1=aj+bx, yo=ar+box and

y3=a3+b3x. We have:
E(w = | i{) (a3 + bp)f(x)dx + Ll;z (ag + bgx)f (x)dx+ JI‘; (a3 + bex)f(x)dx

(6.20)
(6.20) yields,

g ky ko . kg
E(u) = | agf(x)dx+ j_mble(x)dm j’kl agf(x)dx + j‘kl boxf(x)dx+

+ ka agf(x)dx+ J;"kz bgxf(x)dx

Similar to the last section, we can obtain following format:

E(ll) = ag + b3u+ bgG + db( k}“ _ u)(a}_ —ag + blll— bgl}.)
roes %Yag —ag + bou~ batt) — o(— ;kl)(blc —byo)
- k2
—( Y(boG ~ bao) (6.21)

o]
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Case 3. Cost Function Represented by an N-Piece Linear Fanction.

The n piece-wise cost functions are defined as: y|=aj+bix, yp=as+box, .... and
Vn=aptbpX.

As before, we have:

k k k
E(u) = f_i(al +bpf(x)dx + Jﬁ;{j (ag + boxf(x)dx+ j kz (ag + bgx)i (x)dx+

ot j;_l(an + byx)f(x)dx (6.22)

Then, we obtain;

kl—u

E(u) = a, + byu+ bpo 4 &( }ay — ag + bju~bou) +

rofe =y

)(32 —dg + bgu— bgll) +

+...+q>(-}‘5ﬂ:_u)(an_1 —a, +by_qu-byu)
G

U.-*kl

—o(EE ) by6 — byo) — (222 ) byo - byo)
[0} [8)
- k1‘1»—1
— ”$(T)(bn_lﬁ - bn(f) (6.23)

6.5. EXAMPLE

In all following examples, we assume - for simplicity - that the cost function can be
represented by means of two piece-wise linear functions: y1=6-x and yp=3+0.5x. The
intersection point of these two lines lies at x=2. We have the following parameters: a 1=0,

by=-1, ap=3, bp=0.5 and k=2 in line with our analysis format.
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The above V-shape curve can be easily illustrated by the following simple
industrial example: For a sheet metal product manufacturer, the sheet thickness selection
is important. If the sheet used is too thin, then due to the lack of rigidity during product
handling and installation, the chance that it may be rejected by customers will increase,
making the overall cost to increase; If the sheet used is too thick, then due to the material
weight increase, the material cost will increase. The sheet thickness may follow a certain
statistical distribution. Then, selecting a suitable mean sheet thickness may involve a

trade-off of the above two factors to reduce the overall cost.

Case 1. Example of a quality characteristic following a uniform distribution

a) Comparison of the cost impact of two candidate raw materials

Material 1: uniformly distributed in the range of (1.2, 3.2)

Material 2: uniformly distributed in the range of (1.9, 3.1)

Using equation (6.3), we can obtain the expected overall cost impact of the above
two materials.

For the case of material 1, since u=2.2 and 0=1.0, the expected cost is found to be
4.34;

For the case of material 2, since u=2.5 and 6=0.6, the expected cost turns out to
be 4.26.

Hence, the selection of material 2 for the application of interest, results in a lower

cost than the selection of material 1,

b) Identifving the optimum raw material quality level
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If we are interested in determining the optimum mean value of a characteristic
within a range defined by 20=2.0, we find this optimum: level of the average value uto be
2.33 by using equation(6.5).

Also, if we know the material property to lie in the range of 20=1.2, the optimum

level of the average value u can be determined to be 2.2.

Case 2. Example of a quality characteristic following a normal distribution

a) Comparison of the cost impact of two candidate raw materials

Material 1: the quality parameter follows a normal distribution (2.2, 0.5).
Material 2: the quality parameter follows a normal distribution (2.5, 0.3).

For material 1, where u=2.2 and 6=0.5,

o= ‘1)%@(2022)% 0.345, and o275y = o(22=2) _ 0,368
, [8)

0.5

Using equation (6.17), we obtain the expected overall cost of the above material 1

to be 4.52.
For material 2, where u=2.5 and o=0.3,

k- 11)~cz>(2 25)—0049and(p(u Ky — 02522y _g101

o 0.3

Using equation (6.17), we obtain the expected overall cost of material 2 to be
4.41.
Hence, the use of material 2 is less costly than that of material 1 for the particular

case congidered.

b) Identifving the optimum raw material quality level
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The problem is to find the optimum raw material quality level u assuming that we
know that the material follows a normal distribution with a standard deviation of 0.3.

Since u can not be expressed in analytical format when the quality characteristic
follows a normal distribution, we use the equation (6.17) to search for the optimum value
u corresponding to the lowest expected cost. Since the cost function in this case consists
of only a two piece-wise finear function, only one extreme point exists the expected cost
impact function. We use the "Golden Section Search Method" [103] for this one
dimensional searching problem. In the cases where the cost function is represented by
more than three piece-wise linear functions, there is a possibility of multiple-extreme
points. After a series of searches for local optima, a comparison of these resuls is
necessary fo identify a global optimum solution.

For our case, the starting range is set in the range of (0, 5) since the intersection
pomt in the x-axis of the two straight cost function lines lies at x = 2. For each iteration,

u

the search points and ®{ k- u), p(— I{) values are calculated before putting them into
o] o

equation (6.17). The search points and the results are listed in Table 1 and in Figure 7.

iteration  search range search points search results

1 | a=0.00, b=5.00 x1=3.09, x2=1.91 El=470, E2=4.36
2 a=0.00, b=3.09 x1=1.91, x2=1.18 El=4.70, E2=4.97
3 a=1.18, b=3.09 x1=2.36, x2=1.91 E1=4.36, E2=4.70
4 a=1.91, b=3.09 x1=2.64, x2=2.36 B1=4.47,E2=4.36
5 a=1.91, b=2.64 x1=2.36, x2=2.19 E1=4.36, E2=4.32
6 a=1.91,b=2.36 x1=2.19, x2=2,08 Ei1=4.32, E2=4.31
7 a=1.91, b=2.19 x1=2.08, x2=2.02 El=431, E2=4.32

Table 6.1 Optimum Search Points and Cost Results
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Cost Impact Diagram
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Figure 6. 7 Cost Results Using the "Golden Section Search" Method

The optimum point is reached by the 7th iteration. The optimum level of the raw

material characteristic mean value turns out to be 2.08, with an expected cost of 4.31.

POSSIBLE EXTENSION AND LIMITATIONS

Although in the above formulations, we have considered raw material to have only

one quality characteristic, our approach is not limited to this condition.

Case [: Each Quality Characteristic Is Independent and Works Independently

If indeed, there are several quality characteristics for each raw material of interest,

with each characteristic independent and independently affecting the cost functions, and, if

the quality characteristics foltow either uniform or normal distributions, the cost

calculation equations presented above are also applicable. The optimum values
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individually obtained for each characteristic in this manner also turn out to be the “overall®

optimum levels of the raw material quality characteristics.

Case 2:  Each Quality Characteristic Is Independent and Works Interactively

For the case of several raw material characteristics that may be interactively
affecting the cost functions, we assume that the interaction between the various quality
characteristics is linear within the applied range, which means that the “mixed
characteristic' is a linear combination of each quality characteristic.

Assuming x; (i=1, 2, ..., n) represents one of the characteristics, and assuming x
represents the "mixed characteristic”, then the following relationships exists between
them.

X =kix] +koxg + ... + kgxyy (6.24)

This x is directly related to the cost function y(x) or a combination of a series of
linear functions y1(x), y(2), ... y(n).

if x; follows a uniform distribution, then x will no longer follow a uniform
distribution. So our formulation for the uniform distribution situation is no lon ger
applicable to this "mixed characteristic" x case. The expected cost function should be
formulated by a new combined density function.

If x; foliows a normal distribution (;, 6;2), we know that the combined quality
characteristic x also follows a normal distribution [38]. The mean for the combined
characteristic is then u, = Z kiw; the and deviation is 6, = ¥ k?c?. So we can take the
“mixed characteristic" x as one quality characteristic to use in our previous equation (6.23)
for the calculation of the expected cost.

From equation (6.23), if we use a one-dimensional search algorithm, we also can
identify the optimum x for the particular application as fong as the cost function used is

the only one existing for the material application. Then x; can be decided by any means as
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tong as the optimum x value is satisfied. If one or more quality characteristics x; are
related to the material cost, it may be possible to select the x; with a low cost and also
satisfying the optimum x value to reduce the overall cost.

If some x; individually correspond to a certain cost function, the optimum value for
each quality characteristic x; should consider all cost functions in the application, since the
trade-offs among the quality characteristics need to be balanced. So, we can calculate the
expected cost effect of each x; as well as the combined x, as well as all cost together. The
total cost function can be used to compare the cost effectiveness of different raw
materials. By using a multi-dimensional optimum search algorithm, the "overall" optimum
values for all quality characteristics x1. X9, ... , X, can also be identified without much

difficulty.
Case 3:  Each Quality Characteristic Is Dependent and Works Interactively

For the case of several raw material characteristics that are dependent and that may
be mteractively affecting the cost functions, we also assume that the interaction between
the various quality characteristics is Hinear within the applied range, which means that the
"mixed characteristic" is a linear combination of each quality characteristic. As before, we
assume X; (i=I, 2, ..., n) represents one of the quality characteristics and following a
normal distribution n(y;, ;2), and that x represents the "mixed characteristic". Then x =
kyxy +koxg + ... + kpxp, This x is directly related to the cost function y(x).

From statistical analysis [38], we know that the combined quality characteristic x
has the mean value w, = 3 ku;, and deviation o, = 3 kFo? + 23" kikjo;0 ;7. The pyj
is the correlation coefficient value between the quality characteristics xj and x;. The
combined quality characteristic x may however no longer follow the normal distribution.

Previous formulae for normal distribution cannot be applied in this case.
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In real industrial applications, more complicated cases exist. The distribution of
quality characteristics freated may be neither uniform nor normal and the quality
characteristics may not be linearly interrelated. Considering the case of a sheet metal
bending operation as an example, the thickness of the sheet and the yield strensth of the
metal (two quality characteristics) act together to affect the bendability of the metal. The

relationship between the bendability and the thickness (x1) and vield strength (x2) is

¥ = —5—, Le. not a lincar relationship. This formability, of course, directly influences
Xy X9
the product quality or the production cost function, but the previous formulae cannot be
applied.
In these cases, a Monte-Carlo simulation approach would be a suitable and

effective tool to handle such complicated problems.
6.7. CONCLUSION

An analytical approach for determining the cost impact of raw material quality
characteristics is given, The solutions formulated can be used to select cost-effective raw
materials when the quality characteristic follows a uniform or a normal distribution. For
uniformly distributed quality characteristics, an optimum (mean) quality level is presented
in a simple analytic format, For the case when the desired quality characteristics following
a normal distribution, the application of an optimum search algorithm is iffustrated for the
identification of the optimum point. For more complicated industrial problems, a
computer simulation method is suggested to be used for identification of the most suitable
material properties for a particular application. This is discussed in the following

Chapters.
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CHAPTER 7

OPTIMUM RAW MATERIAL IDENTIFICATION
USING COMPUTER SIMULATION AND OPTIMIZATION

Before making an economic raw material selection, one needs to understand the
real raw material properties requirements for a particular application. These requirements
may originate from three possible sources: the material properties themselves, the
manufacturing processes, and the product quality. Due to the uniqueness of material
properties requirements of different processes, some fine cost trade-off needs to be
performed to reach the overall lowest cost. This chapter concentrates on the method of
combining a computer simulation model with some optimization techniques in searching
for the most suitable raw material properties for the particular case discussed in Chapter 4
and Chapter 5.

In our analysis, the cost impact of raw material specifications, extra manufacturing
cost and product quality cost are considered in the model to analyze the cost effect of raw
material properties. SLAMSYSTEM M [75,76] is used for the construction of the
simulation model. Two optimum seeking techniques: a modified Hooke and Jeeves
algorithm [39] and the Response Surface Method [63], are used for the identification of

the optimum material properties.

7.1 INTRODUCTION

The identification of the most suitable raw material from a range of competing
materials with similar properties is a continuous challenge for manufacturers.  This is
because material properties and their behavior have great impact on the manufacturing

processes used to transform them into finished products. This fact is specially true in
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some cases where the production processes are very sensitive to the changes in raw
material properties.  Sometimes, this problem may become critical when the material
properties interactively affect each other or affect the production processes themselves.
In these cases, it is difficult to have a clear understanding of the real requirements for the
raw material properties. In this chapter, a computer simulation combined with two
optimization techniques is introduced to search for the optimum combination of material
propertics. The simulation and optimization results can help the manufacturer select the
most suitable material from a wide variety of similar materials for their specific
manufacturing process requirements and product quality requirements.

In Chapter 3, after a detailed analysis of the possible effect of the use of a specific
raw material on the whole manufacturing process and resulting product gquality, we
formulated an economic model for raw material selection. In that model, a "process by
process, parameter by parameter” approach was suggested in order to amalyze the extra
manufacturing and quality costs, and to use them to determine the economic raw material
choice.

The present chapter uses a computer simulation method combined with two
optimal search techniques to find the optimum material properties combination for a
particular situation. The computer simulation model analyzes various costs incurred in
the use of a specific raw material during the manufacturing process as well as costs due to
resulting product quality. The objective is to identify the raw material resulting in the
lowest overall cost. A modified HJ (Hooke and Jeeves) optimum search algorithm [39]
and a Surface Response Method [63] are used to search for this optimum, Some
comparison commenis about the use of these two search algorithms are made based on

our applied experience.
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7.2, CASESTUDY USED

The example used here to illustrate our method is based on 2 practical situation
(discussed in Chapter 4 and Chapter 5) in a local manufactaring firm that produces heating
and ventilating hardware. The actual situation chosen is the production of the "outside
cone" of a square ceiling air diffuser. The raw material used for the outside cone is steel
sheet metal,

The processes influenced by the stee! sheet properties are: shape pressing, neck
forming, final inspection and packaging operations.  Other operations such as painting
and final assembly were assumed (for this illustration only) not to be impacted by varying
raw material properties and thus are not considered in this analysis. The above
manufacturing processes are mainly affected by the following three raw material
properties: steel yield strength, steel thickness and steel ductility.

The details of the above data are shown in Chapter 4, Chapter 5 and Appendix F,

Gur objective is to determine the optimum set of raw material properties
(thickness, yield strength and total elongation) which results in the lowest overall total

cost for the particular application.

7.3.  THE SIMULATION MODEL

SLAMSYSTEM™ [75,76] is used here to simulate the various costs incurred in the actual
process of using the material (steel sheet). SLAMSYSTEMT™ is a simulation software
widely used for the analysis of industrial processes [4,32,35,69]. It offers an excellent
tool for discrete event, continuous event, as well as mixed event modeling, A great
advantage of SLAMSYSTEM™ is that it provides a friendly environment for inserting

user-defined FORTRAN subroutines which are the important part of our application.
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The SLAMSYSTEM™  approach employed in this project uses regular SLAM
network modeling augmented by user-written ingerts. This network system is only used

for cost modeling (see Figure 7. 1).
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|
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The Structure of the Cost Simulation Model

thickness, total elongation

packaging process
cost impact

thickness

final product quality
cost impact

thickness, vield strength

Figure 7. 1

At first, the computer gencrates mechanical parts and then assigns certain material
properties - taken from a data file - to these parts, Afterwards, it executes a series of
"extra cost" calculations that may be incurred during the actual use of the material in the
production process. These cost calculations are based on the relationship between the raw

material properties and various extra costs that occur due to the use of that particular
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material (see Chapter 4).  Several event nodes are used in the network system for the

calculation of the cost impact of the raw material in its application.

] e

! SHAPE i

L1, ATRIEO).EQ.D

8.1, ATRIB[).EG.1 0.5 ATRIB{30L.EG.T

Figure 7.2 Network System for Cost Calculation

The functions of these event nodes in the above network are programmed using
FORTRAN subroutines. The detail function of each event node can be explained as
follows:

1. The first event node is for material property assignment to a part (the material
property is the decision variable at this point),

2.  The second node is for the extra material (steel) cost calculation (due to
thickness of the sheet steel).

3. The third event node is for the calculation of extra operator and extra machine
wear costs during the shape forming operation (due to improper material properties).

4. The fourth event node is for the calculation of the extra machine wear costs
during the neck forming operation (due to the improper mix of material properties) and

the neck quality judgment in the neck forming operation.
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5. The fifth event node is for the calculation of the extra packaging cost and final
product quality judgment in the final product.

6. 'The sixth event node is for the calculation of quality cost because of the lack of
encugh stretchability of the steel sheet,

7. The seventh event node is for the calculation of the exira product quality cost

because of it being too flexible for correct installation of the product,

7.4.  OPTIMIZATION USING A MODIFIED H-J SEARCH ALGORITHM

7.4.1. THE HJ ALGORITHM [39] AND I'TS MODIFICATION

The HI algorithm [39] is a widely used search procedure [30,71] to optimize a
function and to identify the corresponding levels of the variables that affect it. The
method performs two types of search routines cyclically: an exploratory search and a
pattern search. The exploratory search is conducted along individual coordinate
directions in the neighborhood of a reference point. The pattern search proceeds along the
direction defined by the starting and ending points of the exploratory search.  Some
modifications have to be introduced to the Hook and Jeeves search algorithm in order to
allow us to use it for determining the optimum raw material properties. These
modifications are needed for our simulation procedure because the normal HJ procedure
requires a deterministic evaluation of the function being optimized.

The modification consists of two parts:

L. The statistical aspects of the simulation;

2. The variable constraints.

Simulation models usually have random variables. Hence, in our case, the
optimized function would not be a fixed, constant vahe for a particular set of random

data. Means and target value variations are determined from a series of fen simulation
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rans and are compared to the value of the base reference point. An improvement is only
accepted after a statistical confirmation. In our example here, our target value is the
overall total cost by the use of various raw materials. When the overall total cost in
certain combination of raw material properties is statistically fower than that in a previous
reference point, the new combination of raw material properties then can be considered to
be better than the previous one.,

Since actual material properties values exist only in certain ranges, the search area
is limited in that pre-defined range. In our example here, the search range of thickness is
between 20 to 36 thou, the search range of yield strength is between 20 to 36 ksi and the
ductility range is accordingly deduced by the range of steel yield strength.,

The principle of the modified HJ search algorithm is shown in Figure 7. 3.

Decision variables (material properties for a part)

-

Simulation runs

o

Target value (total overall cost} mean and st. dev.

G

Statistical comparison for the target value !

v

Hook & Jeeves search algorithm

Constraints for decision variables

v

New decision variables

Figure 7. 3 The Principle of the Modified HJ Search Algorithm
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7.4.2. THE COMBINATION OF SIMULATION AND H-J OPTIMUM SERKING

The simulation model combined with the HJ search techniques is used to seek the
optimum material properties combination in terms of steel thickness and stee! yield
strength (ductility can be deduced from yield strength). The SLAM network system
works interactively together with our user-inserts (FORTRAN subroutines) as well as
user-provided data (material properties data as well as the relationships between material
properties and various extra costs).  There are three FORTRAN user-insert subroutines
used to integrate the simulation and optimization system. They are: subroutine "Intlc",
subroutine "Event' and subroutine "Otput". These three subroutines are individually
executed before, during and after each simulation yun. The functions of each subroutine
are as follows:

Subroutine "Intlc":

L. Reading material properties data for simulation testing.

2. Reading the data defining the relationship between material propertics and

various costs.

Subroutine "Event'

1. Calculating the manufacturing "extra" cost.

2. Calculating of the final product quality cost.

2. Collecting the cost data sets for ten simulation runs.

Subroutine "Otput":

1. Calculating the cost means and standard deviations.

2. Statistical testing of the behavior of the raw material in terms of the new

overall cost (the target value).

Searching (using the HJ algorithm) for a new point (new material

a3

properties) offering the possibility to improve (reduce) the overall total

COst.
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4. Generating a new point { new combination of properties) for further

simulation fests.
| 5. Outputiing the tested material properties and the overall total cost obtained.

We set up three data files for this simulation model. One file is set aside for the
material propertics data. The material property data in this file are always overwritten
after each simulation run by the set of new data. The second file is for the relationship
data between material properties and various extra costs. The third file is for the tested
output. All data files are located in the user-data directory.

The structure of the simulation and optimization model is shown in Figure 7. 4.

SLAM Execuiive

A

[ SLAM Netwerk

Subroutine Intic (Subroutine Event | Subroutine Oiput

Cost Data File Properties Datg File

............................................

Figure 7. 4 The Structure of the Simulation and Optimization Model
The FORTRAN subroutines of the simulation and optimization are shown in
Appendix D - D1,

7.4.3. RESULTS AND ANALYSIS

SLAMSYSTEM™ compiles and links our FORTRAN subroutines to cur SLAM

network system. The computer simulation and optimization model contmuously simulates
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the cosis and uses the HJ algorithm to search for new sets of material properties with the

towest overall total cost for that material,

We select 4 thou as the initial search step-size for material thickness and 4 ksi as

the initial search step-size for vyield strength. The practical reason for selecting the

relatively "big'" step sizes is to try to distinguish the real cost difference from the random

change of the cost results. The search begins from point 1 (vield strength = 28, thickness

= 28) and by simulation, achieves an average target cost value of $15.87. The initial point

could represent the raw material presently in use or any other candidate raw material. The

points and route followed by the computer in this application are shown in Table 7. 1 and

Figure 7. 5.

|—Eun No. Thickness Yield strength Extra Cost
H 28 28 .04
2 30 28 3.15
3 26 28 2,93
4 26 30 2.93
5 26 26 293
o] 24 24 2.85
7 26 24 2,94
8 22 24 5.03
Q 24 26 2.88
10 24 22 3.86
11 25 24 2.90
12 23 24 3.19
13 24 25 2.87
14 24 23 2.86
Table 7. 1 Results of the Simulation and Optimization Runs
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Figure 7, 5 Computer Search Points Diagram

The computer searches from point I to point 14 automatically. The target value
{average overall total cost) in point 6 is $2.85. No surrounding points (materiai
properties) can result in a lower target value than point 6. As mentioned above, the
lowest overall cost means that the material with those properties is the optimum one for
this application. We performed several optimum searches from different starting points
(see Appendix C). Our results indicate that the overall total cost indicated by point 6 is
actually the global optimum in our searching range (thickness = 20 to 36 thou and yield
strength = 20 to 36 ksi). The material properties corresponding to this point are:
thickness of 24 thou and yield strength of 24 ksi (the average total elongation is 45.81%).
A three dimensional presentation of the computer simulation and optimization results is

shown in Figure 7. 6.
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Figure 7.6 Three Dimensional Presentation of the Search Results

This analysis can be extended further if we know the statistical history of the raw
material properties from a material supplier a priori. In these cases, we can substitute the
deterministic raw material properties by the given random raw material properties with
their specified standard deviations into the simulation and optimization model. Then we
can follow with our usual approach to find the means for the optimum raw material

properties with those known deviations.
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7.5, OPTIMIZATION USING RESPONSE SURFACE METHOD
7.5.1 THE RESPONSE SURFACE METHOD (RSM)

The response surface method, or RSM [63], is a collection of mathematical and
statistical techniques. Itis useful for analyzing problems where several independent
variables influence a dependent variable or response, and the goal is to optimize this
response.

RSM [63] is a sequential procedure. Often when we are at a point on the response
surface that is remote from the optimum there is little curvature in the system and the first
order model will be appropriate. Our objective here is to rapidly and efficiently lead the
experimenter to the general vicinity of the optimum. Once the region of the optimum has
been found, a more elaborate model such as the second order response surface may be
employed, and an analysis may be performed to locate the optimum.

Now, we introduce some details about the RSM. Frequently, the initial estimate of
the optimum operating conditions for the system will be far from the actual optimom. In
such circumstances, the experimenter's objective is to move rapidly to the general vicinity
of the optimum. He may wish to use a simple and economically efficient experimental
procedure. When we are remote from the optimum we usually assume that a first-order
model is an adequaie approximation to the true surface in a small region of the x's.

The method of steepest ascent is a procedure for moving sequentially along the
path of steepest ascent, that is, the direction of maximum increase in response. Of course,
if minimization is desired, then we are talking about the method of steepest descent. The

fitted first-order model is:
k.

y=Bo+ Y Bix (7.1)
i1
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A
and the first-order response surface, that is, the confours of ¥, is a series of paraliel lines.

‘The direction of steepest ascent is the direction in which g\r increase most rapidly. We
usually take the path of the steepest ascent the line through the center of the region of
interest and which is normal to the fitted surface. The experiments are conducted along
the path of steepest ascent until no further increase in response is observed. Then a new
first-order model may be fit, a new path of steepest ascent determined, and the procedure
continued. Eventually, the experimenter will arrive in the vicinity of the optimum. This is
usually indicated by lack of fit of a first order model.

When the experiment is relatively close to the optimum, a model of degree 2 or
higher is usually required to approximate the response because of curvature in the true

surface. In most cases, the second-order model:

AA k A k A 9 A
y=Bo+ 2 Bixi+ Y Byxi® Y Zﬁij XjX; (12)
i=1 i=1 i jeh
is a adequent approximation. The analysis of the fitted second-order response surface is
often called the canonical analysis [63].

Suppose we wish to find the level of x{, X9, ... X, that maximizes the predicted

response. This maximum point, if it exists, will be the set of x{, X3, ... X such as that the

N A A
, e O d o L .
partial derivatives /&1 = /&2 =.= /}{n =0. This point, say x1,0, X2, .- Xp,0 15

called the stationary point. The stationary point could represent a maximum response,
minimum response or a saddle response.

For the first order experiment design, we use a unique class of design (orthogonal
first order design [63]) that minimizes the variance of the regression coefficients, The
most widely used design for fiiting a second-order model is the central composite design.
These design consists of a 2K factorial or fractional factorial augment by 2k axial points

(+/-0,,00, ..0), (0, +/-0, 0, .. 0), .. (0,0,... +/-0) and n center points (0, 0, ... 0).
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7.5.2 APPLICATION OF RSM AND ANALYSIS OF RESULTS

The initial point of this search starts from a thickness equal to 28 thou and a vield

strength equal of 28 ksi. If&; denotes the natural variable thickness and £+ denoctes the

g 28
A,

natural variable yield strength. The coded variables become: x, = and

g, —28

X, = The A and the A are the designed experiemental step sizes for both

parameters and they are equal to 1 in this case (see Figure 7.8 on page 96)

The data for fitting the first order model is as in Table 7. 2.

Nature Variables Coded Variables Simulated Response
g1 £2 X] X2 y

28.00 28.00 0 0 3.040

27.00 27.00 -1 -1 2.984

27.00 29.00 -1 1 2.988

29.00 27.00 1 -1 3.093

29.00 29.00 1 1 3.097

Tabie 7.2. Data for Fitting The First-Order Model - 1

Using SAS (UNIX) program for the first-order fitting, the analysis of variance for

the first-order model is shown in Table 7. 3.

Source of error  Sum of squares  Degrees of freedom  Mean square  F

Regression 6.0118%97 2 0.605950 380,148
Error 0.000094 6 0.000016
Total 0.01199 8

a: Significant at 0.01 percent.

Table 7.3, Analysis of Variance for First-Order Model - 1

83



The following model of the coded variable is obtained:

A

y =3.039 +0.0545x%; +0.002x,

To move away from the design center (x1=0, xp=0) along the path of steepest
descent, we would move 1 unit in the x| direction for every 0.04 units (can be neglected)

in the x7 direction.

The steepest ascent experiment can be arranged as follows:

Nature Variables Coded Variables simulated Response

&1 &2 X1 X2 y
Origin 28.00 28.00 0 0 3.040
Crigin - A 27.00 28.00 1 0 2.986
Origin -2A  26.00 28.00 2 0 2,932
Origin -3A  25.00 28.00 3 0 2.878
Origin-4A  24.00 28.00 4 0 2.962

Table 7.4. Steepest Descent Experiment

Decreases in response are observed through the third step; however, the fourth
step produces an increase in the result. Therefore, another first order model must be fitted
in the general vicinity of the point (€1=25.00; £, =28.00),

The coded variables are; x, = 8‘;25 and x, = 83/; 28. The A1 and the Ay are also

i 2

equal to 1.

The data for fitting the first order model is as Table 7.5.
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Nature Variables Coded Variables Simulated Response

&1 &2 X X3 y
2500 28.00 0 g 2.878
24.00 27.00 -1 -1 2.976
24.00 29.00 -1 1 3,180
26.00 27.00 1 -1 2,930
26.00 29.00 I 1 2.933
Table 7.5 Bata For Fitting The First-Order Model - 2

Using SAS program for the first-order fitting, we obtained following results:

Source of error  Sum of squares  Degrees of freedom  Mean square Fg

Regression 0.032174 2 0.016087 2214
Error 0.045802 6 0.007634
Total 0.077976 8

a: Significant at 20,27 percent.

Table 7. 6 Analysis of Variance Data for First Order Modsl - 2

The following model of the coded variable is obtained:

¥=2.9343-0.07325x, +0.05175x,

The test statistics shows that the lack of fit is significant, so we conclude that the
first-order model is not an adequate approximation. Then, the curvature in the true
surface may indicate that we are near the optimum [63]. Thus, we use a second-order

model to [ocate the optimum point.

Selecting the o = 0.5, then data for fitting the second-order model is as Table 7.7.



Nature Variables Coded Variables Simulated Response

9! &2 X1 X2 y
25.00 28.00 g 4 2,878
24.00 27.00 -1 -1 2.976
24.06 29.00 -1 I 3.180
26.00 27.00 I -1 2.930
26,00 29.00 1 1 2.933
2450 28.00 -0.5 0 2,906
25.50 28.00 0.5 G 2,904
25.00 27.50 0 -0.5 2,880
25,00 28.50 0 0.5 2.878
Table 7.7 Prata For Fitting Second-Order Model

The experiment design can be shown in Figure 7. 8.

4
1
<} e
ST
G
1} {i. N ﬁx
{0, 0.5) a,
(-0.5, 0} P00 0.5, 00
R { 1 1) (1 1 ) R
Figare 7. 8 Experiment Design for Fitting Second-Order Model

Using the SAS program for second-order fitting, we obtained following results:
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Source of error  Sum of squares  Degrees of freedom  Mean square Fg

Regression 0.08007 3 0.9576 31.594
Error 0.00355 6 0.000507
Total 0.08362 5

ar Significant at 0.01 percent.

Table 7.8 Data of Variance Analysis for the Second-Order Model

The following model of the coded variable is thus obtained:
: 3}: 2.8772- 0.0653; + 0.0458 + 0.115'K;x; — 0.05025;x, + 0.011%9x9

The optimum value (the overall cost impact) is 2.828 at coded point x{= - 0.267
and x = - 2.529. The optimal natural variables are thus thickness = 24.73 thou and yield
strength = 25.47 ksi.

The optimum point obtained here is very close to the optimum point (thickness =
24 thou and yield strength = 24 ksi) obtained from H-J search algorithm, The optimum
point and optimum value is not exactly the same since as in our H-J optimum search result
because in it, the optimal position is constrained by the step sizes (step-size for each of
variables is 1 in the last search loop). Then, the optimum raw material specifications can
be defined as thickness of 24 to 25 thou and yield strength of 24 to 26 ksi with total

elongation of 40% to 45%.

7.6. COMMENTS ON THE TWO OPTIMIZATION METHODS

From our limited experience, the following comments on using these two search

methods can be made.
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In terms of programming effort, the H-J algorithm needs considerable FORTRAN
programming time, especially when the number of dependent variables increases. The
RSM does not need much programiming, but it requires the knowledge of the SAS
software package. In general, applying the H-J algorithm [39] is much more time
consuming than applying RSM [63].

In terms of effectiveness of the optimum search, applying RSM requires the
response data to fit a certain model (first-order or second-order) for further procedures.
Sometimes, there may be some better points around the design center, but the data or
response may not fit a model (first-order or second order) very well. This characteristic
may limit the success of an optimum search. On the other hand, the H-J algorithm does
not need data to fit a model for further processing, since as long as there are any better
- points around the original one, the search will continue until one finds the point that there
is no better points around it. This point becomes the optimum point.

It is possible that the optimum point obtained may be a local optimum instead of a
global one with both of the above methods {39,63]. Several techniques may be used to
help in identifying the global optimum point:

1. Run several initial points (distributed in the searching area) for the

optimum search.

2, Select a more "suitable' step size.

3. Choose different experiment design (RSM).

In many cases, experience or "trial and error' may help in a search of the globe

optimum point.

7.7. COMPUTER EXPERIMENTS AND DISCUSSION

We have obtamed the optimal raw material specifications (thickness of 24 to 25

thou and yield strength of 24 to 26 ksi with total elongation of 40% to 45%) for this
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particular application from the above computer simulation and optimization analysis. In
practical applications, knowing only the opiimal answer is not adeguate enough. In order
to provide a clear picture of what raw material is suitable for only particular application,
we also need to understand the cost effects of various raw materials with characteristics
around the optimal specifications. For this purpose, we designed a series of computer
experiments to calculate the overall cost effect of the raw materials on their application
process. To do so, we do rot need to seek optimality, we only need to run the simulation
(cost modeling) to obtain the cost data (see Appendix D - D2). The resuits of these

experiments are shown as follows:

thickness
20 22 24 26 28 30 32
o0 1037 | 832 | 616 4.34 3.04 3.13 3.29
) 9.29 6.66 3.86 2.95 3.03 3.14 3.29
24 8.77 5,22 2.86 2.94 3.03 3.14 3.30
yield strength 26 8.68 4.65 280 2.93 3.04 3.15 3,30
28 8.91 498 3.06 293 3.04 3.5 3.31
a0 Q.67 499 3.43 293 3.04 315 3.31
32 10.02 5.69 3.97 2.94 3.05 3.16 3.32
34 10.69 6.43 4.06 2.94 3.05 3.16 3.32
36 1105 ¢ 7.82 4.56 2.96 3.06 3.17 3.33
Table 7.9 incremental Added Cost as a Function of Thickness and Yield Strength (Elongation)

When there are a plenty of choices (yield strength) for raw materials, ordering
relatively thin metal (24 thou) is thus a better option. When there are limited choices,
ordering medium thickness (26 or 28 thou) metal can thus reduce the risk of quality
problems and at the same time, without increasing extra cost significantly. Thick metal

(32 thou or 34 thou) is not a good choice.
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NGTE: Cost Structure in the Simulation Resulis

To show how the material properties affect the manufacturing processes and
product quality in the simulation runs, we take the 16 combinations of material properties
as examples o show the sinulated results. The simulated cost impacts of material
properties on the material price, manufacturing process and product guality are shown in

Appendix H.

7.7. CONCLUSION

A combination of the simulation model with two optimization algorithm has been
developed using SLAMSYSTEM, and a modified HJ search algorithm/Surface Response
method for the determination of optimum raw material properties including their effect on
the production process itself. The results obtained show that the integration of the
simulation and optimum seeking techniques is very effective for searching out the optimal
combination of raw material properties. When compared to a full factorial experiment
design using only simulation, our approach using simulation coupled with an optimization
search technique provides good results and can reduce testing and evaluation times

- significantly.
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CHAPTER §

ECONOMIC RAW MATERIAL SELECTION
USING COMPUTER SIMULATION

After a delicate balancing among various costs incurred during the material applied
processes using a computer simulation and optimization method (Chapier 7), one achieves
a much better understanding about the material requirements for the particular application.
Based on these understandings, one can start the economic material selection from a wide
variety of materials available (from various suppliers). In this chapter, we nse two
computer modeling and simulation languages: STELLA II [79,81] (system dynamic
modeling) and SLAMSYSTEM [75,76] (general simulation), to assist with the practical
economic raw material selection in order to reach the optimum result - the lowest overall
cost. The total cost for the economic selection of candidate raw materials includes the
actual raw material cost, the extra manufacturing cost and the final product quality cost.
These costs are systematically simulated for three typical areas of interest: for the

purchasing operation, for the manufacturing procedure and product quality inspection.

8.1 INTRODUCTION

As we mentioned before, raw materials have a considerable influence on the cost
of engineering products. It not only affects the material cost, but also affects the
manufacturing processes and the final product quality. Using less costly material might
not be the answer if it is more difficult and more expensive to process. Using expensive
material sometimes may just mean spending too much money on unnecessary material

properties. The goal is to select, from a wide variety of materials available, the material
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with the lowest overall cost, while still fulfilling the required product functions and
maintaining or achieving the desired quality levels.

Gur analysis is based on our proposed economic model (presented in Chapter 3)
for the selection of raw materials. The model considers the raw material application and
its impact on the manufacturing process and the resulting costs. We suggested a "process
by process, parameter by parameter'’ approach to analyze the "extra manufacturing cost"
incurred by the selection of any particular raw materials.

In this Chapter, we use a simulation method based on the same model to iflustrate
the usability of this approach in realistic, practical industrial situations. From the
systematic modeling of the use of the candidate raw materials (with certain properties) in
the purchasing process, production process, and the consideration of the various types of
costs incurred, we can determine the total overall cost incurred due to the selection of
specified raw materials. It is believed that this kind of simulation procedure can be of real
assistance to manufacturers in making more cost effective decisions for the selection of

raw material.

8.2  CASE AND APPROACH

We choose again the Outside Cone of a Ceiling Diffuser as our case to evaluate
the raw materials and their impact on the manufacturing process and customer acceptance.
An illustration of the cone and of its manufacturing process is shown in Figure 4.2 (see
Chapter 4). The example is based on a real situation with a local manufacturer.

The raw material used for the outside cone is coiled steel sheet. T'wo typical steel
sheet suppliers are chosen for the analysis. They are: local steel sheet warehouses and
steel sheet producers. As we discussed in Chapter 5, the local warchouse can provide the
sheet metal material at a relatively higher price, with a shorter lead time, smaller minimum

order size but with usually wider material specification ranges. In contrast, the coil
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producer can provide similar material at a usually lower price, with longer lead time,
requiring larger minimum order size but, with narrower material specification tolerances.

As stated before, in order to make an economic selection of raw materials, we
need to analyze the whole range of costs incurred in all affected processes where the
specific raw material is used. The costs generated by any particular raw material can be
divided into three parts: "Raw material cost' (including sheet metal price and all
associated handling costs), "Exira manufacturing cost" (including extra operation time,
extra machine wear and exira quality cost due to the properties of that particular material)
and "Product guality cost"” (due to rejection of final defects).

The "Raw material cost'" can be obtained from the analysis of the sheet metal
purchasing operation. The "Extra manufacturing cost and Final product quality cost” can
be obtained from the analysis of the impact of the raw material properties on the
manufacturing processes and product quality. From a detailed analysis of the above three
components, we can determine the total cost associated with the selection of raw materials
from different suppliers. Of course, the raw material with the lowest overall total cost is
the best selection.

The first method for the analysis of these costs s carried out by means of a system
modeling approach [3,66,80]. The simulation software chosen is "STELLA 11", a Systems
Dynamics language written for use on Macintosh (Apple) computers. The use of the
systems dynamics approach permits relatively easy modeling of the somewhat imprecise
relationships between the parameters and processes of interests. The structure of STELLA
11 is especially convenient to display causal relationships in a very clear, on-screen, graphic
manner. Other important benefits of STELLA 1T are its user-friendly features and its
underlying principles that are easily understandable to the analyzer and to the eventual
decision maker,

The second method for the analysis of these costs is carried out by a general

computer simulation method. The simulation language chosen is SLAMSYSTEMTM
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[75,76], 2 sophisticated common simulation language for the modeling of any continuous,

discrete or combined variables {4,32,35,60]. It aiso offers easy insertion of FORTRAN

subroutines for complicated mathematical calculations. The structure of SLAMSYSTEM

is also convenient for the user due to its on-screen, graphic programming.

8.3  ANALYSIS OF THE PURCHASING OPERATION

In order to provide practical results for the decision makers, the structure of the

simulated purchasing operation should follow real puschasing practice as closely as

possible. The use of modeling or simulation methods allow us to recreate reality by

modeling it in a manner familiar to and very similar to that used by the decision maker or

planner.

The detailed raw material purchasing systems for both types of suppliers are shown

in Chapter 5. There are two types of material suppliers available and the purchasing

processes are different for each other (see Figure 8.1). One type of suppliers is local

warchouses, the other is steel mills.

stael mill focal warehouse plant inventory
: ' materal order dellvery fo production
. : festing
1 sheet preparation . .
, ' slitting materid nventory
® - » S
matedatorder 'L . o - L L _ . fransporiafion dellvery to production
; orcler cost material price holding cos
1 J | t terial pr holdi t
! siiting and delivery cost out-of-stock cost
‘ * inspecion cost damage cost
i
i order cost matericl price slitfing ond defivery cost holding cost
9 fransportation cost " spection cost out-af-stock cost
daomage cost
Figure 8.1 Diagram of Two Typical Purchasing Processes and Related Costs
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From the simulation of the raw material purchasing operation, we may obiain
various costs of interest, such as: material price, ordering cost, transportation cost, shitting
cost, delivery cost, ingpection cost (optional), out of stock cost and holding cost. The
“total material cost' is then the sum of all of the above costs.

The simulation model for the purchasing systems using STELLA II, is shown

below (Figure 8.2):

JAN production & damage rate

wasie rafio , 7T
f . O
5?;1@/ supplier cholce

raceiving rate consuming rate

— o

coil dnount ‘ materal inyentory

slitting slit and delivery delay

T

order decision safety stock

warghouse ) steal mift
] transportaton order releada ﬁ

supplier choice

lead time order amount

Figuie 8.2 STELLA Modeling Structure for Purchasing Operation Analysis

The "order decision" is made when the level of "material inventory" is lower than a
certain pre-defined level. The order amount depends on variables such as the supplier's
minimum order amount and the company's permitted safety stock. When the material
mventory is lower than the permitted safety stock, a material order may be sent to a

supplier. If the material is ordered from the steel mill, the material (steel sheet) must be
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produced and then transported to a local warehouse for slitting into the desired widths
(some of the material may be wasted during the sheet slitting process). If the order is
directly to a material warchouse, the warehouse will search for the suitable material for the
in-plant slitting process. During the material slitting process in the warehouse, there is an
option for material inspection. As a result, some of material may be rejected because of
some non-conforming properties; the rest is accepted and delivered to the manufacturer's
raw material inventory. While most of this material is consumed in the production
process, some of it may be damaged or destroyed during stocking or during handling.

The simulation model using SLAMSYSTEM network for purchasing operation is
shown below (Figure 8.3): This network can be divided into three sections: the section
dealing with demand and total cost calculation; the section dealing with mventory and

receiving detect nodes, and the section dealing with the purchasing operation network.
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Figure 8.3 SLAMSYSTEM Network Model for Analysis of Purchasing Operations

In the model, the material demand "DMND" changes along with time (normal and
seasonal variation of the product). The total cost "TOTAL" is calculated every day to
provide up-to-date cost information.

The material (sheet metal) inventory "INV" in the manufacturing plant is checked
continuously to send the information "REL(INV)" for material orders.

The material order information "REL(INV)" is made when the level of material
mventory "SS(2)" is lower than a certain pre-defined "REQRDER" level. The order

amount depends on variabies such as the supplier's minimum order amount and the
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company's permitted safety stock. When the material order is sent to the material supplier
"MILLY, a "LEADTM" period is needed for the actual preparation of the materia} (if not
in stock). Afterwards, the material "STEEL" is transported (TRANTM) to a local steel
sheet warchouse "WARE?" for slitting into certain desired "COIL" widths. If the material
order is directly sent to a warehouse, the material slitting can be proceeded after a suitable
material is located in the warechouse. In the mean time, some inspection can be done
during material slitting, some of material with non-conforming properties may be rejected;
the rest is slit and delivered to the manufacturing "PLANTY. The raw material received
"REC" is in the material inventory "INV" to satisfy the production requirements. While
most of this maierial is consumed in the production process, some of it may be damaged
or destroyed during stocking or during handling.

When ordering from the steel mill or the local warchouse, the simulation network
| structure is same, the only difference is the input data (such as: order amount, reorder
point, transporiation time, lead time etc.) in the FORTRAN subroutines.

The FORTRAN subroutines for the network structure of the purchasing operation
analysis are shown in Appendix ID - D3. We selected a five-year period as the total
simulation time. All costs are to be accumulated during this period. The "material cost per
unit" can be obtained by dividing the "total material cost" by the number of "units

produced” during this period.

8.4 ANALYSIS OF THE MANUFACTURING PROCESS AND FINAL
PRODUCT QUALITY PROBLEM

As we stated in Chapter 3, in order to reduce manufacturing information
requirements to a minimum, our cost information analysis only includes the "relative cost"
or “extra cost” which is incurred when the "non-ideal" conditions created by the use of the

particular raw material exist. This approach means that when the properties of the
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material are ideal, the manufacturing extra cost is zero or at a standard level, Information
costs can thus be reduced significantly since our interest is only in the extra costs caused
by the use of that specific material. As mentioned before, we classified extra
manufacturing costs into three types: operator extra cost; machine extra cost, and quality
extra cost. Based on the understanding of the effect of raw material properties on the
production process, the extra manufacturing cost can be simulated by a “process by
process and parameter by parameter” manner. This requires the analyst to have access to
accurate cost information regarding raw material properties and a thorough understanding
of their impact on the manufacturing operations (see Chapter 4 and Appendix F). For
simplification, we assume that work-in-process is inspected after each process. We also
assume that the quality criterion or standard of the manufacturer regarding the product is

the same as that of iis customers.
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Figure 8.4 Extra Manufacturing and Product Quality Cost Calculation Diagram
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The diagram [ in Chapter 4 shows that the manufacturing processes related to
the steel sheet properties are the shape pressing, the neck forming, the final inspection and
the packaging operations. Other operations, such as painting and the final assembly, are
not considered in this analysis since their manufacturing costs are (in this example only)
assumed not to be influenced by the raw material (steel sheet) properties.

According to the properties of the raw material provided by suppliers, the density
function distributions of raw material propesties such as "metal thickness", "metal yield
strength’" and "metal total elongation” can be formulated and the property data for each
product case are randomly generated. This is done by means of three separate random
generators (one for each property). The "metal total elongation" is deduced from "metal
yield strength" randomly and two types of "mixed index" are derived using the "metal
thickness" and "metal yield strength" values since they usually work together to affect the
manufacturing process costs.

The computer then calculates the extra manufacturing costs due to the improper
material properties, process by process. At each process, the extra manufacturing cost
includes the extra operator cost, extra machine wear cost and extra quality cost. Each
cost 18 affected by some of the raw material parameters or mixed parameters. Based on
the relationship between material properties and the manufacturing processes, the extra
manufacturing costs in terms of extra operator cost, machine wear cost, and process
quality cost at each process can be calculated and accumulated by the computer program.
We need to mention that the cost content and the calculation method may change
according to the exact effect of raw material properties on the manufacturing operations.

The simulation model for the manufacturing process and the final quality analysis

using STELLA is shown below:
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Figure 8.5 STELLA Modeling Siructure for Manufacturing Process and Quality Problem Analysis

The above STELLA modeling structure is very easy to understand since the causal
relationships between material properties and the related cost impacts are presented in
pictorial style and are familiar to the decision maker,

The simulation model for the manufacturing processes and product quality analysis

using SLAMSYSTEM is shown below:
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Figure 8.6 SLAMSYSTEM Network for Manufacturing and Final Product Cost Simulation

The SLAMSYSTEM network is shown in Figure 8.6. The simulation network
consists of several event nodes which are coded (using FORTRAN subroutines), a series
of quality criteria judgments, and cost calculations, as discussed above.

We set up a production run of 1000 units with randomly varying material
properties to model the manufacturing extra cost. The "total manufacturing cost" and
"product quality cost" are the accumulation of all the above costs. The "exira
manufacturing and product quality cost per unit" can then be obtained by dividing the
"total extra manufacturing and final product cost” by the number of "units produced"
{defined as 1000 units).

NOTE: Generations of Experimental "Simulated" Data

To show the material properties data generation process and their corresponding
cost modeling on the manufacturing processes and product quality, we take the following
data as an example: sheet thickness follows a normal distribution with an average value
of 24 thou and a standard deviation of 2 thou, and sheet yield strength follows a normal
distribution with an average value of 28 ksi and a standard deviation of 2 ksi. The
material properties generated and their corresponding cost impacts are showing in
Appendix G, This data set of simulated properties serves as a simulated experimental

input into our proposed solutions of approaches.
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8.6  RESULTS AND DISCUSSION

After the two simulation or modeling approaches, the cost results and the

comparisons are shown below:

- Purchasing Operations (5 vears of simulated data based on the daia in Chapter 5%

A Sreel Mill A Local Warchouse
ORDER POLICY:
Order Amount Assumed 300,000 1b. 30,000 Ib.
Safety Stock Assumed 250,000 Ib. 25,000 Ib.
COST RESULTS:
Purchasing from a stes! mi Purchasing from a local warehouse
SLAMSYSTEM STELLA SLAMSYSTEM STELLA
COrder Cost (5) 3.000 3,000 12,000 12,000
Steel Cost (5} 864,000 864,000 1.224.000 1,224,000
Transit Cosf ($) 90,000 $0000 O 0
Slitting Cast ($) 222,480 2722480 166,672 165,672
Holding Cost ($) 41,893 39,690 3.1 2,739
Cut-of-Crder Cost ($) 0 0 0 54
Total Cost (5) 1221373 1219170 1.404,793 1,404,519
Total Production (uniis) 657,774 656,770 657,710 656,770
Materiat Cost ($) / Unit 186 1.84 2.14 214
| i
Table 8.1 Cost Results for Purchasing Operation by Computer Simulation
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- Manufacturing Process and Product Acceptance (1000 units simulated)

A Steel Mill A Local Warehouse
METAL PROPERTIES:
Thickness Assumed (thou) Normal(24, 1) Normal(24, 2}
Yield Strength Assumed (ksi) Normal(24, 2) Normal(28, 2)
COST RESULTS:
Material from a steel mil Material from a local warehouse
SLAMSYSTEM STELLAH SLAMSYSTEM STELEAN
Operator Cost (5) 31.55 3092 16,71 16.17
Machine Cost 1 (8) 22.33 20.32 23.83 23.81
Machine Cost 2 (5) 13.33 13.33 15.63 15.62
Neck Qaulity Cost () 200.00 190.00 1000.00 260.00
Packing Cost (5) 345.57 352,17 306.00 352.06
Product Quality Cost ($) 4566.00 408.78 29.22 21.48
Total Cost (5) 1076.79 1015.53 1392.10 1389.14
M & P Cost (5 / Unit i 1.08 1.02 i 1.39 1.40
Table 8.2 Cost Results for Manufacturing Processes & Product Quality by Computer Simulation

From the above data, we can see that we have obtained similar cost results by

SLAMSYSTEM simulation and STELLA I modeling, and the cost differences between

the two methods are solely due to the randomness of the data generated in the Drograms.

From the above data, the final comparison resulis obtained from our computer

simulations are shown in Table 8.3,
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Material from A Steet Wil Matedal from A Local Warehouse
SLAMSYSTEM STELLA i SLAMSYSTEM STELLA
Raw Mateilal Cost (8)/ Unit 1.88 1.88 214 2.14
Extra Manufacturing and Final Product Cost ($)/ Unit 1.08 1.02 1.39 140
Total Overalt Cost {3) / Unit 2.94 2.88 3.63 3.54
Table 8. 3 Cost Comparison for Raw Materials from Two Suppliers

Since the raw maierial obtained from the steel mill gives the manufacturer a lower

total overall cost, it is thus a better choice for this particular example.

8.7. COMMENTS AND CONCLUSION

Based on our experience in the application of STELLA II [79,81] and
SLAMSYSTEM [75,76] to the practical situation, the following comments can be made.
1. From an ease of programming and understanding point of view, and for this type
of problem, we believe the system dynamic modeling approach by STELLA is better for
the simulation. Using STELLA software, we program the model using icons instead of by
text writing. It is simple, and easily understood. It especially fits causal relationship
analysis and feedback systems. In contrast, SLAMSYSTEM needs to use FORTRAN
programming for the mathematical calculation, logic judgment and many other
programming skills.

2. From the point of {lexibility, the SLAMSYSTEM is a better language for complex
systems. It can be used for discrete events as well as continuous variables, Although
FORTRAN programming increases the work effort, it, as subroutine inserts, can increase

the flexibility of the simulation approach for complex systems,
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In general, for a simple problem or a rough analysis of a problem, we recommend
STELLA H. For a detailed analysis of a complicated problem, we believe
SLAMSYSTEM is a more flexible or more accurate approach for systern modeling.

In this chapter, two systematic analysis methods based on computer simulation for
economic raw material selection are presented using a realistic example. The resnits seem
to indicate that such an approach may provide a very effective way to determine costs
{material and process) associated with the selection of specific raw materials. These
methods should eventually be compared to historical "real company information™ if such
information becomes available.

The result of the application of our analytic approach should assist managers to

make cost effective choices from a wide variety of alternatives or strategies.
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CHAPTER ¢

ABDUCTIVE NETWORK APPROACH
TO IDENTIFY SUITABLE RAW MATERIALS

In this chapter, we use the Abductive Network Method - a knowledge-based
method [2,64] for our raw material selection analysis. The advantage of this method is
that, even if we do not have a quantitative understanding (due to limited knowledge,
limited time etc.) about how the raw material properties affect the manufacturing
processes, we can use this method to transfer the experience of "experts" regarding this
problem into a systematic network system to effectively identify the suitable raw material
range for a particular application. In this approach, we assume that we do not have
detailed cost data about the impact of the raw materials on the manufacturing processes.
Instead, we do have some "qualitative" general information from "experts". This type of
problems exist widely in many industrial situations. This method can be considered as a

"'quasi-expert-system" (knowledge-based) approach.

9.1 INTRODUCTION

In a manufacturing environment, many problems cannot be analyzed explicitly due
to their complexity. However, for better quality and higher productivity, we need to
understand more about the relationships between various variables and the expected
output(s). For certain problems, we can define certain variable(s) as output(s) and various
variable(s) as input(s). In order to have a better control of the problem, we may need to
know which variables influence the output and how they influence it. The practical reason
for the existence of unresolved problems is usually the limitation of our knowledge or the

actual ttme and cost constraints for a detailed analysis. Manufacturers are likely to use
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personal "experience” or "trial and error” approaches to deal with problems in their daily
productions. Obviously, a single person's experience o approach some problem in &
complex system may be inconsistent and not reliable.

From a network point of view, we may treat some unknown problems or

relationships as a system (see Figure 9. 1).

variable 1
. outpui
variable 2 system
variable n
Figure 9. 1 A System Approach to a Manufacturing Problem

Certain variables can be treated as inputs and our interested result may be treated
as an output. The question is how to determine the relaiionship between the output and
inputs for a better control of the output result. Based on personal experience, a
manufacturer may only roughly know the problem. When the complexity of the problem
or time and cost constrains inhibits the use of an analytical approach to resolve the
problem, we may find nowhere for us to go to deal with it if we only think of traditional
analytical methodologies. Can we transfer valuable personal experience to a systematical
approach to certain problems? How do we integrate and synthesize the knowledge of our
experts who deal daily with the problems? The answer is positive, and one of the possible
solutions is due to the recent development [2,64] of the combination of neural network
technology and modern statistical methods, called the abductive network approach. An

abductive network system can approach these problems and overcome many of the
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limitations associated with many conventional expert systems, qualitative reasoning, and
statistical diagnostic methods. Even if a problem is described in a "fuzzy” manner by
experts, it can also be transformed to a sound knowledge database. Using the abductive
network approach, a systematic solution can be obtained for a practical control of the
problem.

It is quit rare to find applications of abductive network techniques in the literature
[19,20]. This paper uses a realistic example to describe this approach. First, we will give
a brief introduction to abductive network techniques; then, a practical problem; followed

by the abductive network approach; and finally, the result and discussion.

9.2. ABDUCTIVE NETWORK TECHNIQUES

As we mentioned, we use an abductive network system to approach a practical
problem. The software used is called ATM™ [2]. AIM is the abbreviation of Abductive
Induction Mechanism. As the software developer declared, the abductive network
technique is a result of almost three decades of neural network and statistical modeling
research. AIM is an advanced machine learning tool that automatically discovers network
solutions to complex decision, prediction, control, and classification problems. Given a
database as an example, AIM synthesizes abductive networks and encodes them into the
application software. The database can consist of observed, historical, simulated, or
expert generated data. Figure 9. 2. illustrates the AIM synthesis process.

Single
Datsbase - : Lo M‘_L application
o - Triple
J— Double :
opercational fast compact
simulational accurate real-time
historicat automated rotust
expert genergted

Figure 9.2 Abductive Network Approach Using the AIM Software Package
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Currently AIM {2] has the following types of nodes: normalizers, white elements,
singles, doubles, iriples, wire elements, and utilizers . Normalizers transform the original
input variables into a relatively common region. The white element consists of the linear
weighted sums of all the outputs of the previous layer. This element combines more
variables than other types, allowing for simple and unique multi-variable configurations.

Singles, doubles, and triples are elements whose names are based on the number of
mput variables [2].

Solving a problem with AIM [2] has four major steps:

1. create a database '

2. build an AIM model

3. evaluate model performance

4. implement the model

9.3 PROBLEM ANALYSIS

The problem we deal with here is to identify a suitable material range for a
particular application in a local manufacturing company. The product being analyzed is
the Guter Cone of a Ceiling Diffuser. The material used is low carbon sheet steel.
Although this general problem has been discussed before, we present it again due to the
different requirements of the analysis method suggested. The application process can be
described as follows (see Figure 9. 3): the sheet material is purchased in a local
warehouse, then it is pressed into a general shape and a neck is formed in the center for
connecting purposes; afterwards, it is painted and assembled with other parts; finally, the

product is delivered to the customer for installation.

outer cone

(@ SN S TN

stegd sheet shape pressing neck forming nstallation

Figure 9. 3 Material Transformation Process for the Case Analysis
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Since the manufacturer does not have the adequent material testing facilities (they
cannot afford to have them), the engineers or workers do not have a clear idea about fhe
material properties they are using. However, the manufacturing process {(pressing and
forming operations) and the product quality are directly affected by the material
properties. Like many industrial problems, the manufacturers do not have an integrated
knowledge about how raw materials affect the manufacturing processes and, in the end,
product quality. To reduce manufacturing cost and stabilize product quality, the
manufacturer would like to know the suitable range of material properties in "their
language" for this product to minimize the negative impact of the use of improper
materials.

The sheet metal being used is cold rolled draw quality low carbon steel, There are
certain parameters that can be employed to assess the material in this case, e.g.. sheet
thickness and metal hardness ( the mechanical properties and other forming properties of
the sheet metal is not included hese since the company does not have the appropriate
testing facilities). Each of the various thickness available to the manufacturer is itself
variable. As we know, thicker materials usually cost more money since the material price
is based on weight. There are also choices regarding material thickness and hardness
when ordering materials from local warehouses. In other words, if the company
understands the material requirements for any particular application, certain choices have
to be made in order to select the suitable one.

The raw material selection needs to be technically and economically sound.
Technically, the material should be easy to use, easy to be machined, and should have
sufficient properties to result in quality goods. Economically, the overall negative impact
of a material (material expenses, producibility, machinability and quality) should be

minimized, Because of the complexity of the relationship between the materials properties
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and its application, the manufacturer does not usually have a clear idea about how the
material properties affect their overall application.

To make the problem simpler for analysis, we divide the negative impact of the
material into several aspects: material cost impact, operator impact (extra time needed to
do the job), machine impact (extra machine wear and maintenance), guality impact (xip or
crack of the neck edge) and customer acceptance (rigidity for installation). The effect of
material properties on the above aspects can be described in a "fuzzy" manner by the
manufacturer as follows:

Material Cost Impact: A thick sheet costs more money than a thin one (after
considering a lower packing cost for a thick metal).

Operator's Impact: A combination of thin and soft material may stick to the die or press
after the pressing operation, thus reducing the production rate and affecting the part
shape.

Machine Maintenance Impact: A combination of thick and hard material may
accelerate die wear and increase machine maintenance cost,

Neck Quality Impact: Hard metal and thin metal usually have lower stretchability. The
edge of the neck may crack or 1ip to create a defect during the neck forming process.
Final Quality Impact: The final product using thin and soft sheei metal may be not rigig
enough to withstand the transportation and installation process, and may be claimed as a
defect by the customer and user.

To each problem, the seriousness of each impact is different and depends on the
extremes of the material properties. Although people working with production processes
do bave a good sense in a "fuzzy" way to describe these effects within their special section
(usually from experience), they usually do not have an explicit idea or formula to describe
exactly how the material properties affect the processes unless we design a system to

utilize their talents to describe these quantitatively.
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9.3 APPROACH USING ABDUCTIVE NETWORK TRCHNIQUES

In our case, the mput variables are the material properties, i.e., the thickness and
hardness. The output variable is the overall negative impact of the material on the material
application process.

In order to approach this problem, we scale the material properties into several
levels. We do the same for the negative impact of the material on its application process.
Each problem is also assessed for the seriousness of the effects based on the

manufacturing experience (see Table 9. 1).

thickness very thick thick normal thin very thin
material properties hardness very hard hard nomal soft very soft
rank 1 2 3 4 &
evaluation ok litle 50Me serlous  very serious
negative im t evaluation
garive impac uCHon cank a 1 5 3 4
fmportance  not ot ali fotal importance value
ssment of seriousness ’
%8 © rank 0.0 10

Table 9. 1 Table Used for Problem Assessment

Since detailed cost impact data is very difficult to obtain, it is difficult to use
analytical tools to find the most cost effective material range for an application.. Valuable
information can be obtained by using description from "experts” using their own
terminology. The negative impacts of materials on the five aspects listed above are
individually evaluated and four different importance assessments (seriousness levels) for

the above five aspects are indicated in Tabie 9. 2.
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motericl negalive impact evoluction
thickness hardness maferial cost operator cost rachine cost fpping cost rigid cost
very thick very hard velty sefious ok velry serious ok ok
very thick hard very serious ok very serious ok ok
very thick normal very serlous ok serous ok ok
very thick soff very serious ok some ck ok
very thick very soft very serious ok litfle ok ok
thick very hard serious ck serious litle ok
thick hard serious ok some litile ok
thick normal serious ok litile ok ok
thick soft serlous ok ok ok ok
thick very soft serious ok Ok ok ol
normat very hard some ol fittle some ok
normal hard some ok little litfle ok
nomnal normal some ok ok litHe ok
normal soff some little ok ok ok
normal very soff some some ok ok littie
thin very hard little ok ok serious litle
thin hard litte ok ok some ok
fhin normal little littie ok little ok
thin SOft little some ok ok little
thin very soff litfle serious ok ok some
very thin - very hard ok itle ok very serious ok
very thin  hard ok iittle ok serlous little
very thin - normal Ok some ok some some
very thin - soff ok serious ok litHle serfcus
very thin - very soft ok very serious ok little VEary sericus
importance assessment 1 0.25 0.08 0.2 0.25 0256
importance assessment 2 0.25 0.1 (.25 0.2 0.2
importance assessment 3§ 0.3 0.05 0.2 0.25 0z
Imporfance assessment 41 0.25 0.05 0.25 G.25 02

Table 9.2 Impact Assessment Result Using Local Expert Comments

By transferring the information from Table 9.2, we obtain the evaluation data and

an overall evaluation as shown in Appendix B.1 and Appendix B.2 of the Appendices.

The input data considers the combination of 5 thickness levels and 5 hardness

levels, to develop related average overall impact evaluations. Hence, 25 observations

include in our database. In order to best utilize the data sources, the above 25
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observations mentioned are used ag the training database as well as the evaluation

database for our model.

We use AIM with the above expert-generated data to develop a systematic

network representation shown in Figure 9. 4 and described as follows:

input
i
i

}

vy

hardness

thickness

normatizers first layer second layer utilizer output
{ !
47 < x:L & <
— E}@ rgie | [ticle | @@ overall impact
| I [ [@j —
- |
[Fomae ]

models

Figure 9, 4 Synthesized Network of The Material Selection Problem

Normalizers: -2.08+0.693X;

Single 1: -0.649-0.77X1+0.676X 12+0.127X 3

White: -0.562%1-0.356X

Single 2: -0.221-0.656X1+0.231X 1 2+0.184X ;3

Triple: -0.194-0.562X 1 +0.841X9+0.972X3-1.24X; 240.475X 52

-0.642X32+1.07X 1 X2-0.628X 1 X3+0.951X5X3-0.834X 1 X9 X3
+1.16X 13-0.427X53-0.335X 33
Utilizer: [.11+0.409X

The evaluation of the network performance shows that this synthesized network

the situation reasonably well. Some of the evaluation data is shown below:
average absolute error: 0.030
error standard deviation: 0.0015
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root of predicted squared error:

predicted squared error;

9.4 RESULT AND DISCUSSION

0.0689
0.0047

After the network synthesis and performance evaluation, we obtain the output

shown in Table 9. 3 and Figure 9.5, by using AIM's query function.

impact evaluation very hord hord normol soff very soff
very thick 1.9 1.9 1.8 1.5 1.3
thick 1.7 1.4 1 0.79 0.87
normail 1.3 1 0.7 0.58 0.81
thin 0.91 0.75 0.58 0.61 0.89
very thin 1 1 0.97 1.1 1.3

Table 9.3 Material Impact Result by Abductive Network Approach
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overali impact

hardnass

thickness

Figure 9.5 The Overall Impact Resulis by Material Properties

As we defined before (in section 9.3), the smaller the impact value, the more
suitable the material properties are for the application. From the above table and
diagram, we can conclude that the following combinations of metal properties are in the

most suitable range:

1. thick metal (2) combined with soft metal (4) properties,
2. normal thickness metal (3) with normal or soft hardness (3 or 4);
3. thin metal combined with hard, normal or soft hardness (2,3, or4),

Obviously, very thick metal and very hard metal are not good choices for this
particular application.

Since one orders material according to some "perceived normal thickness" of, say,
0.028 inches, this "normal thickness" effectively is assumed to be 0.028 inches. From our
investigation, the thickness could vary from as thin as 0.024 inch and as thick as 0.032

inch from coil to coil even though the order thickness is 0.028 inch. So "very thick" metal
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may be around 0.032 inch, "thick™ metal is around 0.030 inch, "thin" metal is about 0.076
inch, and “very thin' metal is around 0.024 inch. We also know that the hardness of the
material lies in the range of 34 to 50 ksi. From our analysis of this application, the most
suitable metal thickness would be around 0.026 inch since it offers the widest choice for
metal hardness and offers the lowest negative impact on its application in this particular
case. Since the company concerned has thickness and hardness measuring apparatus,
fusther control of these material properties becomes possible as a means to reduce the
negative impact of raw materials. Such an approach could provide a valuable tool to the
manufacturers in deciding on the most appropriate raw material to use for any specific

production process and product.

9.5 Conclusion

The abductive network technique is a very powerful tool for handling some
practical indusirial problems which can not be explicitly analyzed, or have their analysis
constrained by certain limitations. By using data available from operational history, or
from experts' assessment, we can thus effectively approach these probiems to reach a

better control of the overall system.
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CHAPTER 10

CONCLUSIONS AND CONTRIBUTIONS
OF THIS RESEARCH

In the present chapter, we first state the nature of this research. Subsequently, we

state our conclusions and contributions of this research.

10. 1. NATURE OF THIS RESEARCH

This research can be categorized as applied research work. OQur effort can be
divided into two categories: one is the investigation of problem, the other, the problem
solving. Before starting our research, we have familiarized ourselves with the whole
production system of the case being analyzed and with the raw material impact for ceiling
diffuser products, although, we pick up only the outside cone for our thesis analysis (due
to our time and effort limitations). We spent an enormous time and effort in identifying
the important variables and their relationship between material variables and production
variables in a2 manufacturing environment. Much time has been spent on information
gathering for this problem. From the information gathered, we have then formulated our
approach strategy and set up the raw material selection model. We have utilized various
advanced techniques such as mathematical formulation, computer simulation, the
combination of simulation and optimum seeking techniques, abductive network method
eic. to systematically approach this realistic and important industrial problem. This
research is also committed to make an effort to close the gap between university academic

research and the practical industrial applications.



10. 2. CONCLUSIONS

In this dissertation, the problem of economic raw material selection is extensively
mvestigated. This problem is selected as our research topic because it is a common and
important problem in industry. It affects the manufacturer's daily production and it can
also significantly affect the manufacturing costs. This research is also of significant
interest to E. H. Price Ltd. - a local manufacturing company.

In the literature review in chapter 2, we found that there are no effective and
systematic methods available to be used for raw material selection.

In chapter 3, a raw material selection criterion is proposed based on concepts of
previous researchers and practitioners. A method is developed for the calculation of the
cost impact in the manufacturing process. It is found that the "Process by Process,
Parameter by Parameter" strategy is an effective way to analyze the impact of raw material
properties to the manufacturing processes.

In Chapter 4 and Chapter 5, we introduced a realistic example from two aspects.
We analyzed in detail the relationship between the material properties and their cost
impacts to the manufacturing and the final product quality cost. Then, we introduced the
purchasing processes and the related costs from two typical suppliers. The investigation
of the problem is the first step to combine our research work with the real practical case.

In Chapter 6, an analytical method is used to approach the optimal raw material
selection problem. A sexies of equations are developed to be used for the calculation of
the expected raw material cost impacts on its application and for the identification of the
optimal material quality level. As mentioned in the chapter, due to the complexity of
formulae and some strict assumptions, this method cannot be effectively used for
complicated industrial problems.

In Chapter 7, the combination of a computer simulation model with two

optimization techniques is applied to the identification of optimal raw material properties
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for the particular applications. SLAMSYSTEM is used to construct the simulation model,
and the two search algorithms: the Hooke and Jeeves algorithm (Using FORTRAN
subroutines to program the search strategy) and the Response Surface Method are used to
identify the optimum point. From the effective integration of the simulation and optimum
search algorithms, we have effectively balanced various costs incurred in the material
application processes and thus identified the optimal raw material characteristics. The
comparison comments about the application of these two optimization methods are also
provided.

In Chapter 8, we use both simulation by SLAMSYSTEM and system dynamic
(STELLA II) methods to model the raw material impact on the material application
processes; purchasing operation, manufacturing operation as well as product final quality.
We obtained the overall total cost impacts (including: raw material cost, exira
manufacturing cost as well as product quality cost) by different raw materials from
different suppliers. Even with different approaches, the two methods provide us with
similar results. We conclude that these systematical approaches may be used to assist the
manufacturer to make certain economical choices from a wide variety of materials and
suppliers.

In Chapter 9, a knowledge-based approach - abductive network method is applied
for the analysis of the economic raw material selection problem. From a synthesis of the
experience of "experts" about the impact of raw materials on their application processes,
we obtained a suitable range of material characteristics, which have the lowest negative
impacts on the material application processes. The application of this technique provides a

useful case example for future manufacturing applications of this method,
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16.3 CONTRIBUTIONS

The contributions of this research are twofold. One is that this research has
systematically approached this complicated industiial problem. The proposed new
economic model and approach (in Chapter 3) comes naturally from the investigation of the
problem and is more general and more applicable than previous models. The analytical
approach (in Chapter 6) is also moze general and explicit than previous models discussed
in the reviewed literature and a series of useful equations within this approach can be
applied in some industrial problems. The computer simulation and the optimum seeking
techniques used (in Chapter 7) have successfully identified optimal raw material
requirements. The two system simulation models (in Chapter 8) which represent a
realistic case can be used for the practical raw material selection exercise. These
techniques and the type of systematic approach for the raw material selection application
are not available in literature. We have successfully applied the abductive network
method to the raw material selection probiem (in Chapter 9). It is very rare to apply this
technique in industrial situations and none has been found in material selection research
and practice. In general, it can be concluded that our work has significantly pushed
forward research with respect to material selection. Another aspect, even more
worthwhile to mention here, is that we have used a real industrial problem as an exampie
to show the applicability of our research work. The uniqueness of this aspect can be
derived from the following points:

i In a complicated industrial problem, we have determined the significant variables
(important material properties, manufacturing processes impacts) and their
interrelationships. Without them, applied research is not possible.

2. We have created several systematic models (analytical, simulation, abductive)

which can demonstrate the real relationships and can effectively represent the problem,
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3. We have identified the most suitable materials by using the correct information,
For this optimization practice, we first identified what to optimize; then we effectively
used various advanced methods 1o optimize them.
4, This type of research is useful and applicable directly to industry. It has effectively
combined advanced manufacturing techniques with some realistic industrial situations.

It is believed that the proposed systematic approach, the effective application of
various advanced technigues, and the combination of this unique approach with the
realistic industrial problem are our significant contributions to the field of economic

selection of raw material theory and practice.
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APPENDIX A

Steel Sheat

1A
IB
2A
2B
P2A

E5
El
E2
10
12
14
E28
E32
31
IF
GIF

APPENDICES

PROPERTIES DATA FOR VARIOUS LOW CARBON STEELS

Processing Yield Strength
{(MPa) {ksi)
CQ Rimmed Annealed Last 174.3
CQ Rimmed Annealed Last 217.4
DQ AK Annealed Last 156.0
DQ AK Annealed Last 167.4
DQ AK Annealed Last 178.0
DG AK Annealed Last 174.5
DQ AK 170.9
CQ Rimmed Temper Rolled 210.4
DQ Rimmed Temper Rolled 213.4
CQ Rimmed Hot-dip Galvanized 318.8
DQ Rimmed Hot-dip Galvanized 246.3
DQ AK Hot-dip Galvanized 225.1
DQ AK Fe-Zn Coated 255.2
DQ Rimmed Fe-Zn Coated 272.5
Rimmed 40 ksi min. yield 261.8
Interstitial free (Armco Steel) i59.2
Interstitial free (Armco) 151.9

Hot-dip Galvanized

25.62
31.96
2293
24.61
26.17
25.65
25.12
30.93
31.37
46.86
36.21
33.09
37.51
40.06
38.48
23.40
22.33

Total Elongation

(%)

44.3
44.3
46.7
45.3
44.1
44.8
43.7
45.6
44.2
28.0
40.0
40.0
32.3
353
35.9
43.4
45.0
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APPENDIX B

DATA FOR ABDUCTIVE NETWORK APPROACH

B. 1. IMPACTEVALUATION DATA

thickness hardness | material  operator  machine cracking rigid
1.00 1.00 4 a 4 0 0
1.00 200 4 a 4 Q 0
1.00 3.00 4 0 3 0 0
1.00 4.00 4 0 2 0 0
1.00 5.00 4 0 1 0 0
200 1.60 3 0 3 1 0
2.00 2.00 3 0 2 1 0
2.00 3.00 3 0 1 0 0
2.00 4.00 3 0 0 0 0
2.00 5.00 3 0 0 0 Q
3.00 1.00 2 0 1 2 0
3.00 2.00 2 0 1 [ 0
3.00 3.00 2 0 0 1 0
3.00 4.00 2 1 0 0 0
3.00 5.00 2 2 Q 0 1
4.00 1.00 1 0 0 3 0
4.00 2.00 1 0 0 2 0
4.00 3.00 1 1 0 1 0
4.00 4.00 1 2 0 0 1
400 5.00 1 3 0 0 2
5.00 1.00 0 1 0 4 0
5.00 200 0 1 0 3 1
5.00 3.00 g 2 0 2 2
5.00 4,00 0 3 0 1 3
5.00 5.00 0 4 0 1 4
assessment 1 0.25 0.05 02 0.25 0.25
assessment 2 0.25 a1 0.25 62 02
assessment 3 0.3 0.05 0.2 0.25 0.2
assessment 4 0.25 0.05 0.25 025 0.2
Table b.1 The Impact Evaluation of Material Properties on Various Influenced Processes
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B.2 OVERALL EVALUATION TABLE

thickness hordness avaiuction 1 evaluation 2 evaluation 3 evaluation 4 average
1.00 1.00 1.8 2 2 2 1.95
1.00 2.00 18 2 2 2 1.95
1.00 3.00 1.6 1.75 1.8 1.75 1.73
1.00 4,00 1.4 1.5 1.6 15 1.50
1.00 500C 1.2 1.25 1.4 1.25 1.28
200 1.00 1.6 1.7 175 1.75 1.70
2.00 200 t.4 1.45 1.55 15 1.48
200 3.00 095 1 1.1 1 1.0%
2.00 4.00 0.75 0.75 0.9 0.75 0.7¢
200 5.00 0.75 075 02 0.75 0.79
3.00 1.00 12 1.15 13 1.25 1.23
3.00 200 095 0.95 1.05 1 0.99
3.00 3.00 0.75 0.7 0.85 075 0.76
3.00 406 0.65 0.6 0.65 0.55 0.59
3.00 500 0.85 09 0% 08 0.86
400 1.00 ] 0.85 1.05 1 0.98
400 2.00 0.75 0.65 0.8 0.75 0.74
400 3.00 0.55 0.55 0.6 0.55 0.56
400 4.00 0.6 0.65 0.6 0.55 0.60
4.00 5.00 09 0.95 0.85 0.8 0.88
500 1.00 1.05 0.9 1.05 1.05 1.01
500 2.00 1.05 09 } 1 0,99
500 3.00 1.1 i 1 1 1.03
500 400 1.15 11 1 i 1.06
500 5.00 1.45 1.4 1.25 1.25 1.34
Table b.2 Overall Evaluation Data by four people

146



APPENDIX C

STRENGTH OF 24 KSI (CONDITION 2)

DIFFERENT SEARCH STRATEGIES AND RESULTS

SEARCH STARTS FROM A THICKNESS OF 24 THOU AND A YIELD

Point No. | Thickness Yield strength Extra costimpaoct
i 24 24 2,86
2 26 24 2.94
3 22 24 5.31
4 24 26 291
5 24 22 3.86
& 25 24 2.90
7 23 24 3.7
8 24 25 2.88
9 24 23 2.86 i
Table ¢.1 Search Points and Results Under Condition 2
28
26 —Td
g 4
£ &
% % ‘%3 SR T2
=
.% 8
22 4. — _
5
20
20 22 24 26 28
thickness
Figure ¢.} Search Strategy and Range Under Condition 2
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C.2

SEARCH START A FROM THICKNESS OF 32 THOU AND A YIELD

STRENGTH OF 32 KSI (CONDITION 3)

Point No. Thickness Yield sirength Extra cost impact
1 32 32 3.32
2 34 32 3.53
3 30 32 316
4 30 34 3.16
5 3G 30 3.15
6 28 28 3.04
7 30 28 3.15
& 26 28 2.93
@ 26 30 2.93

10 26 26 2.93
11 22 22 6.66
12 24 22 3.86
13 24 24 2.85
i4 26 24 2.94
15 22 24 527
16 24 26 2.88
17 25 24 2.0
18 23 24 3.21
9 24 25 2.87
20 { 24 23 2.86
Table ¢.2 Search Points and Results Under Condition 3
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C3  SEARCH STARTS FROM A THICKNESS OF 24 THOU AND A YIELD
STRENGTH OF 32 KSI (CONDITION 4)

Point No, | Thickness Yieid strength Extra cost impact
1 24 32 3.73
2 26 32 2.94
3 26 34 2.94
4 26 30 2.93
5 28 28 3.04
o} 30 28 3.15
7 26 28 2.93
8 26 26 293
9 26 22 2.95

10 28 22 3.03
11 24 22 3.86
12 26 24 2.94
13 28 26 3.04
14 24 26 2.87
15 24 28 2.96
16 24 24 2.87
17 22 22 6.71
18 22 24 519
19 25 24 2.90
20 23 24 3.24
21 24 25 2.88
22 24 23 2.87

Table ¢.3 Search Points and Results Under Condition 4
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C.4  SEARCH STARTS FROM A THICKNESS OF 32 THOU AND A YIELD
STRENGTH OF 24 KSI {CONDITION 5)

Point No. | Thickness Yield strength Exfra costimpact
[ 32 24 3.30
2 34 24 3.51
3 30 24 3.14
4 30 26 3.15
5 30 22 3.14
6 28 20 3.04
7 30 20 3.13
8 26 20 4.34
9 28 22 3.03

10 26 22 2.95
11 24 22 3.86
12 26 24 2.94
13 24 26 2.88
14 26 26 293
15 22 26 4.5¢
16 24 28 296
17 24 24 2.87
18 22 24 527
19 25 24 290
20 23 24 3.24
21 24 25 2.88
L2 24 23 2.87

Table c.4 Search Points and Results Under Condition 5
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APPENDIX D

.1

SLAMSYSTEM NETWORK FORTRAN SUBROUTINE FOR THE
COMBINATION OF COMPUTER SIMULATION AND OPTIMUM

c
c
C

[¢]

SEARCH
clear initial cost data and input structure data

subroutine intlc
common/scom 1/atrib(100),dd(100),ddI{100),dtnow,ii,mfa,mstop,nclnr
1,ncrdrnprat,narun,naset,ntape,ss(100),ss1( 100),mext, tnow,x x(100)
common/ucom l/chan(6),duct(6),e(10),d(1 0),cone,cmat,operl,wearl
I,wear2,rip2,pack,flex.cost
open(23,file='seek.dat")
read(23,11) xx(1),xx(2)
close(23,status='delete")
thickness xx(1), xx(2) hardness
open(33,file='manuf.dat’)
read(33,13) cmat,operl,wearl ~wear2,rip2,pack,flex,cost
do 101i=1,6
read(33,12) chan(i)
10 continue
do 20i=1,6
read(33,12) duct(i)
20 continue
close(33,status="keep’)
return
11 format(2£6.2)
12 format{(f6.2)
13 format(8£6.2)
end

parameier generation, cost calculation and periodically collection

subroutine event(i)

common/scom l/atrib(100),dd(100),dd1l(1 00),dtmow.ii,mfa,mstop,nclnr
t,ncrdr,nprot,nnrun,nnset,ntape,ss(100),ssl( 1 00),mext,mow,xx(100)
common/ucom I/chan(6),duct(6),e(10),d(10),cone

Lemat,operl, wearl, wear2,rip2, pack,flex,cost

goto(1,2,3,4,5,6,7},i
1 atrib()=xx(1)

FORTRAN SUBROUTINES FOR COMPUTER SIMULATION
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[ I E T I o

]

atrib(2)=xx(2)
elong=61.89-0.67%atrib(2}
atrib(3)=elong+rmorm(0.0,2.0,4)
atrib{4)=atrib(1)*atrib{1)*atrib(2)/21952
atrib(5)=atrib(1 y*atrib(2)/784
refurmn
atrib(1) -- thickness(thou}; input normal range (20 to 36 thoun)
atrib(2) -- yield strength(ksi); input normal range (20 to 36 ksi)
airib(3) -- total elongation (%); atrib(4) -- bending index
atrib(5) -- flexability index

2 cmat=cmat+atrib{1)¥6.357%0.38/24
return

3 if (atrib(4).gt.0.8) then
opert=0per1+0.0
else
tf (atrib(4).1t.0.6) then
operl=operi+0.041
else
oper [=oper1+((0.8-atrib(4))/0.2)*0.041
endif
endif

wearl=weari+atrib(4)*0.032
refurn

operl -- operator cost; wear! -- machine cost
4 wear2=wear2+atrib(4)*0.021

strreq=dprob(chan,duct,6,7}
strpra=atrib(3)+3.6*(atrib(1)-28)
if (strpra.gt.strreq) then
atrib(9)=0

eise

atrib(9)=1

endif

wear? -- machine cost

strreq - stretch requirement
strpra - stretch ability of the metal
return

rip2 -- quality cost

51f (atrib(1).gt.31) then

pack=pack+0.0

else
pack=pack+(31-atrib(1))*0.5*0.38*(6.357/24)
endif
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if (atrib(5).g1.0.7) then
atrib{10)=0
else
atrib(10)=1
endif
return
¢ pack -- packing cost
¢ atrib(5)=0.7, ratio=0.0
¢ atrib(5)=0.5, ratio=0.5
¢ flex -- installation cost
6 rip2=rip2+10.0
return
7 flex=flex+(2.5%(0.7-atrib(5)))*15.0
return
end
C
¢ total cost output, cost average & standard deviration
C
subroutine otput
dimension p(30),r(30,2),b(30,2),com(i5)
common/scom l/atrib(100),dd(100),dd1(100),dtnow,ii,mfa,mstop,nclnr
1,nerdr,nprot,nnrun,nnset,ntape,ss(1 00),ss1(100),tnext,inow,xx(100)
common/ucoml/chan(6).duct(6),e(10),d(10),cone,cmat,oper,wear|l
1,wear2,rip2,pack,flex,cost
cost=cmat+oper 1+wearl +wear2+rip2+pack+flex

if (nnrun.eq.l) then
it=0
is=0
refl=0
b(0,1)=xx(1)
b(0,2)=xx(2)
j=0
else
endif
open(15,file='output.dat' status="unknown’)
write(15,22) nnrun,it,is
write(15,23) b(j,1),b(j,2),com(j}
write(15,23) xx(1),xx(2),cost
22 format(3110)
23 format(3f10.2)
I=nnrun
p(i)=cost
if (l.eq.1) then
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(0, D=xx{1}
{0, 2)=xx{2}
b({I,1=xx({1)
b(1,2)=xx(2}
stepl=2
step2=2
k=1
j=1
it=0
com(D)=p(1)
else
if (p(i).le.refl) then
is=1I
else
is=0
endif
endif
if (k.eq.1) then
refl=p(i)
r(1,1)=r(i-1,1)+stepl
r(i,2)=r(i-1,2)
it=1
k=0
goto 100
else
if(it.eq.1) then
if(is.eq.1) then
r(i,D)=r@i-1,1)
1(1,2)=r(i-[,2)+step2
it=3
k=0
refl=p(i)
goto 100
else
r(i,1)=r(i-1,1)-2*stepl
r(1,2)=r(i-1,2)
it=2
k=0
goto 100
endif
elseif(it.eq.3) then
if(is.eq.1) then
goto 40

else
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v(i, D=r(i-1,1}
1(i,2)=r(i-1,2)-2%step?
it==d
k=0
goto 100
endif
elseif(it.eq.2) then
if(is.eq.1) then
v(i, D=r@-1,1)
1(i,2)=r(i-1,2)+step?2
it=5
k=0
refl=p(i)
goto 100
else
(i, D=r@-1,1)+stepl
r(1,2)=r(i-1,2)+step2
it=7
k=0
goto 100
endif
elseif(it.eq.4) then
if(is.eq.1) then
goto 40
else
r(i-1,1)=r(i-1,1)
r(i-1,2)=r(i-1,2)+step?2
goto 50
endif
elseif(it.eq.5) then
if(is.eq.1) then
goto 40
else
(i, D=r(i-1,1)
1(1,2)=1(i-1,2)-2*step2
it=6
k=0
goto 100
endif
elseif(it.eq.7) then
if(is.eq.1) then
goto 40
else
(i, D=r(i-1,1)
1(1,2)=r(i-1,2)-2*step2
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=8
ke=(
goto 100
endif
elseif(it.eq.6) then
if(is.eq.1) then
goto 40
else
r(i, D=r{i-1,1)
r(1,2)=r(i-1,2)+step?
goto 50
endif
else
if(is.eq.1) then
goio 40
else
b(,1)=rG-1,1)
b(j,2)=1(i-1,2)+step2
stepl=stepl/2
step2=step2/2
if (stepl.1t.1.or.step2.1£.1) then
stop
else
r(1,1)=b(, 1 }+stepl
1(1,2)=b(},2)
it=1
k=0
go to 100
endif
endif
endif
endif
c
40 r(i,D=r@-1,1)
1(1,2)=1(i-1,2)
refl=p(i)
50 k=1
=i+l
if (refl.le.com(j-1)) then
com(j)=refl
b(j, D)=r(i,1)
b(j,2)=r(i,2)
(1, )=2%b(j,1)-b(j-1,1)
r(1,2)=2%b(},2)-b(-1,2)
else
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com(py=com(j-1)
b3, 1)=b({j~1,1}
b(3,2)=b(3-1,2)
(1, 1=b(. 1)
7(1,2)=b(},2)

endif
100 if (x(i,1).gt.36) then

r{i,1}=36
else

endif

if (r(i,1).1t.20) then
r(i,1)=20
else

endif

if (¥(i,2).gt.36) then
1(1,2)=36
else

endif

if (r(i,2).1t.20) then
1(i,2)=20

else

endif

200 open(20,file='seck.dat',status="unknown')
write(20,10) r(i,1),r(i,2)
close (20,status="keep")

return
19 format(218.3)
10 format(2£6.2)
end
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D2 SLAMSYSTEM NETWORK FORTRAN SUBROUTINE FOR THE

¥

SIMULATION EXPERIEMENTS

¢ clear itial cost data and input structure data

C

[¢]

subroutine intlc
common/scom: /atrib(100),dd( 100),ddi(1 00),dinow,ii,mfa,mstop,nclnr
Incrdr,npmt,nnrun,nnset,ntape,ss(100),ssK 100), mext, tnow,xx(1 00)
common/ucom1/chan(6),duct(6),e(10),d(1 0),cone,cmat,oper!,wearl
I,wear? rip2,pack,flex,cost
open(23,file='test.dat")
read(23,11) xx(1),xx(2)
thickness xx(1), xx(2) hardness
open(33.file="manuf.dat"
read(33,13) cmat,operl,wearl,wear2 rip2,pack,flex,cost
do 10i=1,6
read(33,12) chan(i}
10 continue
do 20 i=1,6
read(33,12) duct(i)
20 continue
close(33,status="keep’)
return
11 format(2£6.2)
12 format(f6.2)
13 format(816.2)
end

parameter generation, cost calculation and periodically collection

subroutine event(i)

common/scom 1/atrib(100),dd(100),ddi(1 00},dmow,H,mfa,mstop,nclnr
Inerdr,nprat,nnrun,nnset,ntape,ss(100),ss1(100),mext,now,xx(100)
common/ucom1/chan(6),duct(6),e(10),d(10),cone
1,cmat,operl,wearl,wear2,rip2,pack, flex,cost

goto(1,2,3,4,5,6),i

1 atrib()=xx(1)
atrib(2)=xx(2)
elong=61.89-0.67*atrib(2)
atrib(3)=elong+morm(0.0,2.0,4)
atrib(4)=atrib(1)*atrib(1)*atrib(2)/21952
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a0 60

<

e ¢ I »'

o

atrib(S)=atrib{1 y*atrib(2)/784

atrib(1) -- thickness(thou); input normal range (20 to 36 thou)
atrib(2) -- yield strength(ksi); input normal range (20 to 36 ksi)
atrib(3) -- total elongation (%); atrib(4) -- bending index
atrib(5) - flexability index
cmat=cmat+atrib(1)*6.357%0.38/24

return

2 if (atrib(4).g1.0.8) then
operl=operi+0.0
else
if (atrib(4).1.0.6) then
operl=coperl+0.041
else
operl=oper!+((0.8-airib(4))/0.2)*0.041
endif
endif

wearl=wearl+atrib(4)*0.032

return

operl -- operator cost; wear! -- machine cost
3 wear2=wear2+atrib(4)*0.021

strreq=dprob(chan,duct,6,7)
strpra=atrib(3)+3.6* (atrib(1)-26)
if (strpra.gt.strreq) then
atrib(9)=0
clse
atrib(9)=1
endif
wear2 -- machine cost
strreq - stretch requirement
strpra - stretch ability of the metal
retum
rip2 -- quality cost

4 if (atrib(1).gt.31) then
pack=pack+0.0
else
pack=pack+(31-atrib(1))*0.5*0.38%(6.357/24)
endif

if (atrib(5).gt.0.7) then
atrib(10)=0

else

atrib(10)=1
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endif
return
pack -- packing cost
atrib(5)=0.7, ratic=0.0
atrib(5)=0.5, ratio=0.5
flex -- installation cost
5 rip2=rip2+10.0
return
6 tlex=flex+(2.5%(0.7-atrib(5)))*15.0
return
end
c
¢ total cost output, cost average & standard deviration
c

[¢ eI T -

subroutine otput
dimension p(30),r(30,2),b(30,2),com(15)
commoiy/scom | /atrib(100),dd(100),dd1( 100},dtnow,ii,mfa,mstop,ncinr
1,ncrdr,nprat,nnrun,nnset,ntape,ss¢100),ss1(100),tnext,tnow, xx(100)
common/ucom [/chan(6),duct(6),e(10),d(10),cone,cmat,operl,wear]
L,wear2,rip2,pack,flex,cost
cost=cmat+oper | +wearl+wear2+rip2+pack-+flex
open(15 file="output.dat',status="unknown’)
¢ write(15,%) 'test resulis'
write(15,21) cmat,operl,wearl,wear2
¢ write(15,22) rip2,pack, flex
write(15,22) xx(1),xx(2),cost
write(15,%)
return
21 format(418.2)
22 format(2£6.2,119.2)
end

o]

o
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D3 SLAMSYSTEM NETWORK FORTRAN SUBRCUTINE FOR
PURCHASING OPERATIONS ANALYSIS

subroutine intlc

common/scom 1/atrib(100),dd(100),ddI{100),dtnow i, mfa,mstop,nclnr

1,nerdr,nprat,anrun,anset,ntape,ss(100),ss1( 100),mext,mow,xx(100)
¢.....knput Order Amount xx(10}) and Reorder Point xx(11)

open(15,file="c\projects\invent\data.dat' status="unknown’)

read(15,20) xx(10),xx(11)

close(15)
refurn
20 format(2£10.2)
end
¢
¢

subroutine state
commory/scom 1/atrib(100),dd(100},dd1(100),dtmow,ii,mfa,mstop,nclnr
1.ncrdr,nprat,nnrun,nnset, ntape,ss(100),ss1(100),tmext,now,xx(100)
common/ucoml/medium,small
¢
c**##5f No Order Is Being Receiving
c
if {s5(1).1e.0.0) then
rerat=0.0
endif
C
c**#x+[f A Order Is Being Receiving
c
if (85(1).gt.0.0) then
rerat=30000.0
endif
¢
cHFFR Material Consumed (medium=6.357 1b/item, small=1.355 Ib/item)
c
demand=medium*6.357+small*1.355
c
c
craEHEgs(1)-Material Receiving Simulates;ss(2)-Inventory Level Simulates
¢
ss(1)=ssi(1)-dinow*rerat
88{2)=ssi(2)}+dtnow* (rerai-demand)
return
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end

subroutine eveni(i)
common/scom 1/atrib(100),dd(100),dd(100),dtnow,ii,mfa,mstop,nclnr
1,ncrdr,nprot,nnrun,nnset,ntape,ss(1 00),ss(106), mext, tnow,xx(100)
common/ucom I/medium, smail
common/scom?2/leadtm, transtm shittm, delivim
goto0(1,2,3,4,567N,1
¢
g Demand From Production (units produced per day)
¢
[ medium=rnorm(297.0,10.0,1)
small=rnorm(63.0,5.0,2)
xx(10)=xx(10)+medium-+small
return
¢
c*FFEE0rder Amount-atrib(1)
c**##0rder Cost xx(1) ($200/order)*
c
2 atrib(1)=xx(10)
*x(D=xx(1)+200.0
return
c
¢k Material Cost xx(2) (from steel mill)*
c
3 xx(2)=xx(2)+atrib(1)*0.24
retum
c
cHE*Transportation Cost (by means of truck or train)*
¢
4 xx{3)=xx(3)+atrib(1)*0.025
return
c
cF#aESlitting & Delivery Cost xx(4) ($90 setup,$3/min processing with 22min/ton)*
crirESliting Waste Recovery Cost xx(5) (half price recovery)
¢
5 xx(2)=xx(2+0.0
atrtb(2)=atrib(1)*0.95
XX(4)=xx(4+(90+0.01 *atrib(1))*3%2.0
X(5)=xx(5)+(atrib(1)*0.05)*0.24%0.5
return

o
-

crexsdinterest Cost In Ordering Process xx(8) (mili-trans-slit-deliv)
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LT ST o T ]

6 procim=delivim+transtm+leadtm
xxX{8)=xx(8}+0.0
return

wierrHolding Cost xx(6) (interest of 10% for 365 days)
FHEREOut-Of-Stock Cost xx(7) ($1/medinm unit, $0.5/smail unit for price discount)

7 if {88(2).gt.0.0) then
XX(0)=xx(6)+(ss(2)*0.24)*0.000274
endif
if (ss(2).1e.0.0) ther
xx{7)=xx(7)-1*(ss(2y*0.825)/6.357-0.5%(ss(2)*0.175)/1.355
endif
Total Cost xx(9)
XX(D)=xx (DH+xx(2)H003)Hxx(4)-xx2(5)+xx(6)+00(T)
return
end

subroutine otput

common/scom 1/atrib(100),dd(100),dd1(100),dtnow,ii,mfa,mstop,nclnr
1,ncrdr,nprnt,nnrun,nnset,ntape,ss(100),ssl( 100} tnext, mow,xx(100)
open(10,file='c:\projects\invent\stelco.dat',status="unknown")
write(10,30) xx(1)

write(10,35) xx(2)

write(10,40) xx(3)

write(10,45) xx(4)

write(10,50) xx(5)

write(10,55) xx(6)

write(10,60) xx(7)

write(10,70) xx(9)

write(10,75) xx(10)

write(10,80) xx(9)/xx(10)

30 format(1x,'Order Cost = ' £8.1)

35 format(1x,'Steel Cost ="12.1)

40 format(1x, Transit Cost = ',{8.1)

45 format(1x,'Slitting Cost = ',{8.1)

50 format(Ix,'Shtting Recovery = ',i8.1)
55 format(1x,'Holding Cost = ",{8.1)

60 format(1x,'Out-of-Stock Cost = ',18.1)
70 format(1x,'Total Cost ="f12.1)

75 format(lx,"Total Production=',18.1)
80 format(1x,'Cost per Hem ="' £8.2)

end
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APPENDIX E STELLA MODELS FOR RAW MATERIAL SELECTION

E.l1  STELLA MODEL FOR PURCHSING CPERATION ANALYSIS
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Figure e.! STELLA Mode! for Purchasing Operation Analysis {continue ...}
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E.2 STELLA MODEL FOR MANUFACTURING PROCESS AND PRODUCT
QUALITY ANALYSIS
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Figure e.2. STELLA Model for Manufacturing Process and Product Quality Analysis
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APPENDIX F COST IMPACT ANALYSIS OF MATERIAL PROPERTIES ON
THE MANUFACTURING PROCESS AND PRODUCT
QUALITY

Since the data needed for this analysis are not directly available, and due to the
time limitation. of the study and the scope of the thesis, the detailed relationship analysis
regarding the cost impact of the raw material properties on the manufacturing processes
and product quality is investigated and gathered from three types of sources: 1. Literature
on the related topics; 2. Conversations with the manufacturer; and 3. Qur best
estimations with our current understanding.

The following problems are individually investigated here:

® Part pickup problem (affecting operator cost);

s Metal bendability (affecting machine cost);

e Shape springback (affecting quality cost in the shape pressing operation);
® Metal stretchability (affecting quality cost in the neck forming operation);
° Packaging (packing cost); and

& Part flexibility (affecting final product guality).

F.1  Operator Cost - The Pickup Problem:

The part pickup problem affects the operator cost in the shape pressing operation.

The severnity of the pickup problem depends on the rigidity of the sheet metal
[24,27]. The sheet rigidity depends on the combination of metal thickness and yield
strength [101]. A mixed index kT2Y [101] (T: thickness; Y: yield strength; k: used as a
factor which relates the metal stiffness, so that the mixed index equals 1 for the standard
condition of T=28 thou and Y=28 ksi) is used to assess the severity of the pickup

problem.
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Costs related to the pickup problem include [747:
- extra time to remove the part being stuck;
- time to adjust the machine setup;

- time for coil replacement in a more serious condition.

Since the cost per hour for a production worker is assumed to be $15.00 [24,26],

the operator cost per extra time (second) is $0.0041/second. If a pickup problem exists,

the average time spent on a single part is assumed to be 10 seconds [24,26]. The cost for

having a pickup problem per part is assumed to be $0.041.
in our cost analysis, we assume that [26];
- if the mixed index is 0.8 or over, the chance of having a pickup problem is 0;
- if the mixed index is 0.6 or below, the chance of having a pickup problem is
100%;
- if the mixed index is between 0.6 to 0.8, the chance of having a pickup

problem has a linear relationship with the mixed index.

pickup chance or ratio (%)
100 |—
0 L
mixed index
O | { i
0.60 0.80 10
Figure 1.1 Mixed Index and Pickup Problem
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F.2  Metal Bendability - Machine Wear;

As we mentioned before, the machine cost is affected by the metal bendability. For

certain bend shapes, the bending force [90,101] is related to the yield strength, sheet

thickness, as well as the length of the bend (see Figure £.2).

stress

before bending

yield paint

aiter bending

straln

Figure {2 Diagram for bending force analysis

For effective bending, the bending moment [101] can be expressed as:

M =kF {f.n
where,

F bending force;

k die open factor.

The stress on the surface in the bending cross section can be written as:

o= My (£2)
i
where,
y: distances away from the center neutral axis
I the moment of inertia, where the moment of inertia for a rectan gular

3
cross-section shape is: I = -E;
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h: thickness of the plate;
b length of the bend,

kFy_ 12kF
I bl

So we have: ¢ = {3

In order to have effective bending, the stress on the sheet metal should fulfill the
following conditions:

G20, (f.4)

where,

o stress on the part;

o yield stress of the sheet metal.

y:
Then, we have:
2
Fs bk Oy
12k

It the bending length and die opening are the same, the bending force will be

) .
=kh Oy (£.5)

directly related to the mixed index - the product of square of the metal thickness and the
material yield strength.

Similar formulae can also be found from a formula used in industrial practice [90]:

2
szﬁﬁﬁ (£.6)

where,

F: press load (in tons of force);

h: material thickness (in inches);

b: length of bend (in inches);

o, tensile strength (in tons per square inch),
d: width of die opening (in inches);

k: die-opening factor:
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In an actual case, the larger the bending force (the thicker and the higher yield
strength of the metal), the more severe the machine or die wear and the more mainienance
cost is needed. In our analysis, the machine wear index (an index is defined 1o assess the
seriousness of a machine wear) is assumed to be linearly related to the bending force [27].
In a standard condition (material thickness is 28 thou and yield strength is 28 ksi), the
force is at a certain value. This value can be taken as normal wear, say 1. When the
thickness and tensile strength increase, the bending force increases, the wear index, of
course, will be increased. The relationships between the wear index (unit) and bending

force can be expressed in Figure f. 3.

wear index

: ' _ bending force
1 !
080 1 1.5

Figure £.3 Bending Force and Machine Wear Index

The wear index | indicates that the wear and maintenance cost for die and pressing
equipment is in a assumed standard condition.

For the shape pressing operation, we estimate at $10,000.00 for the die sharping
and press maintenance cost per year {26]. The press generally experiences 1000 punches

each day [24], so the cost in the normal condition is $0.021/punch;
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For the neck forming operation, a cost of $15,000.00 is estimated for the die
sharping and press maintenance per year [26]. The press generaily experiences 1000
punches each day [24], so the cost in the normal condition is $0.032/punch;

When the bending force is 50% higher than the normal condition, the wear index is
50% higher than the normal condition and the maintenance cost will be 50% higher than

for the normal condition.

F3  Shape Quality - Springback Problem:

Our concern is that the final shape of the product may be affected by severe
springback. For a certain bend angle, the springback is related to the yield strength,
material thickness as well as the tension enforced while bending [90].

Springback is a common problem in metal bending processes [24] and sometimes
the control of springback is of great importance.

We explain:  When bending occurs, the stress and strain is across the sheet
thickness, and the bending strain varies linearly across the section. After removal of the
load, in the vicinity of the neutral axis, i.e. on either side of where the material is neither
compressed nor stretched by the process, there will be material under stress below the
elastic Timit. This will give the material a tendency to springback {7,83,102]. Hence, 2
simple forming operation may result in a complex system of stresses and a superficial
mathematical analysis is only of a limited value.

Practically, effective reduction of this elastic portion to the plastic portion will help
to eliminate the problem. Often, in stretch forming, the tool does not apply a pure bending
moment as assumed above. Rather, tension is applied simultaneously with bending. With
increasing tension forces, this tension may be sufficient to remove the neutral plane

compietely out of the sheet so that the entire cross section may yield in this tension. With
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a work-hardened material, springback does not vanish with applied tension, but can be
greatly reduced.

A bending case with tension is given in Figure £4.:

punch

Figure f.4 Hustration of A Case of Bending with Tension

The prediction of the springback angle, or the degree of over bending required,
depends on the yield stress of the material, on the radius of the bend and on the bottom
force in the die. A practical equation [90] for estimating springback angle, 6, for a bend

angle, o, around a radius R, is:

§ ~a0———N (£7)
T 70000

where,

S yield strength of the material (MPa);

N a constant, depends on die opening;

R bending radius (mm)

T: thickness of the sheet (mm);

o bend angle.

Actually, springback has little effect in the bending of low-carbon steel. The

springback angle ordinarily ranges from 0.5 to 1.5 © and can be controlled by overbending
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or by striking the bend area. It is considered only when very close dimensional control is

needed. In our case, springback is not considered as a serious quality probiem [90].

F.4  Metal Stretchability - Neck Ripping:

The limitation of material stretch is one of the manufacturing concern in the neck
forming process of the outside cone (see Figure £.5). In the forming operation, the sheet
metal may rip or crack due (o exireme stretching on the neck area. In the above forming
process, we can treat the forming as stretching flanging. So the approximate state of
stress at a small squared area (an element) can be simplified as in Figure £.5. For certain
shape and stretch requirements, the stretchability is related to sheet ductility, thickness, as

well as to other mechanical properties.

before forming

after forming

~g— neck e

elernent

Figure .5 Diagram for sheet stretch analysis

In order to analyze the neck ripping problem, we need to discuss both the stretch

requirement for certain products and the stretch limit for certain metal properties.

Stretch Requirement:

The distribution of the strain in the neck area is shown in Figure £.6.
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sfraln

neck

focation

plate

Figure £.5 The distribution of strain in the neck area

The strain at point x (x is also the distance between point B and point x):

= [R-(e+x)]/ (r+x) = R/(r+x) - 1 (1.8)

where,

R: neck radius (after necking);
1. hole radius before necking;

At point A, since the r+x = R, the strain = 0

At point B, since the r+X =1, the strain = R/r - 1. The top circle (point B
indicated) is the most stretched region on the part.

In actual cases, where R equals 3", 4", 5" 6", 7" and 7.5", which are half the neck
diameters. The heights of various corresponding necks are 0.75", 0.75", 1", 1", 1" and 1",
So, the r values (radius before necking), are 2.25", 3.25", 4", 5", 6" and 6.5". From the
above formula (£, 8), the maximum strains for the different neck sizes are: 33.3%, 23.1%,

25.0%, 20%, 16.7% and 11.5%.
Stretch Limit (Stretchability):

The stretching limit relates primarily to the exhaustion of ductility. There are

several ways to assess the stretching limit for sheet metals. They are: uniform elongation;
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plastic strain ratio v; the work hardening exponent n; FLC, various cup-drawing tools and
procedures such as the Olsen, Erichsen, Swift and Fukui tests [33,34,49,59].

The Rockwell Hardness and the Ball Punch Deformation Tests have historically
been the primary mechanical tests to indicate formability [59]. These tests are easily and
quickly made, and require a minimum quantity of material, Unfortunately, they are not
good measures of stretchability [59). To our special hole expansion problem, correlating
clongation to metal stretchability is an easy and effective way to identify the right sheet
material. We know that the total elongation is a direct measure of duciility and represents
an important consideration in evaluating formability. Steels with a higher percent
elongation will stretch further before failure. The elongation can be easily decided by one
dimensional tensile test. There are some other elongation measures which can also be
obtained from a simple tensile test: uniform clongation and yield point elongation. For
sheet metals that fail by local necking, uniform elongation may not give a true estimate of
formability, and estimates based on total elongation are often considered more reliable.

The general range of total elongation of sheet metal is shown [90] here:

quality | commercial quality | draw guality | draw quality special killed

total 30 - 44% 33-46 % 38 - 46 %

(Note: test condition: thickness 0.03 to 0.06 in. or 0.76 to 1.52 mm , width 50 mm)

When using different sample widths, sample thickness and other conditions, the
total elongation data will be different. Test data by previous researchers tells us that
increasing sample width generates a lower total elongation and increasing thickness
generates a higher total elongation.

As a matter of fact, thickuess is a very important factor that contributes to the

stretch limit of sheet metal. Previous test data [90] shows that for the same material
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{with same strain hardening exponent), if the thickness increases by 0.01", the
stretchability increases 3.6%.

As we mentioned, the streteh limit of a metal is affected by the total elongation and
the thickness [59]. For certain metal thicknesses, the larger the total elongation, the more
stretchability the metal has; for certain metal ductility, the thicker the sheet metal, the
more stretchability the metal has [59].  If the value of total elongation (in the standard
condition) of a metal is very close to the stretch limit of the metal when the thickness is 26
thou (approximately), then the following formula may be used as an approximation of the
calculation of the stretchability of a sheet metal [27];

stretch limit = total elongation + 3.6 x (thickness - 26)

Neck Ripping Problem:
For our analysis, we assume that {27,907
if the stretch limit 2 stretch requirement, the rip size on the neck is acceptable;

if the stretch limit < stretch requirement, the rip size on the neck is not acceptable,

stretch requirement (for certain hole diameter and neck height)
A

Y
defects e
40%
stretch fimit (for certain metal properties)
) i
40%
Figure £7 Stretch Limit and Stretch Reguirement

The costs related to neck ripping include [24]:

- cost of non-conforming products;



- cost of removal, return and shipment of the non-conforming coil;

- delay in production;

- lack of work.,

We assume all neck defects can be sorted out before the products are shipped to
the customers. The cost per neck defect is assumed to be $10.00/ part [24,26].

In practice, sheet metal stretch limits are aifected by many other factors [1].

Strain uniformity is also a very important factor. Sometimes, it even overpowers the
effect of material properties. Strain uniformity is governed by three types of variables; 1.
design variables (¢. g., shape, curvature), 2. process variables (e. g., die alignment, hold-
down pressure, lubrication, etc.), and 3. intristic propesties of the sheet material.

If the metal is too thick, die clearance may become too small. This may produce a
burr on the blank edge which may cause problems. The surface roughness of the material
and the die i3 important too. Dull tools have a similar effect on a small clearance and
produce a buir on the blank edge [1].

Previous research [1,59] also tells us that the tendency to edge cracking is greatly
aggravated if shearing has left a burred edge. Therefore, sharp and aligned tools decrease
the problem. Lubrication always acts io improve strain uniformity during stretching and
its effect ofter overshadows material differences. Good kubrication ensures that the
thickness strain is more evenly distributed over the punch surface [1,86]. Poor lubrication
or 1o lubrication causes localized thinning, which eventually leads to iracturing relatively

early in the test. Some lubrication also can effectively prevent pickup and scoring.

F.5  Product Quality Inspection - Part Flexibility:

The structure flexibility is the major quality concern for the effective product

shipment and installation. The product should be easily instailed without damaging the
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shape. The extreme condition is that, when a person holds the piece by one of the corners
of the diffuser, the diffuser should not bend.

For a very rough estimation, the above case can be simplified for analysis (see

Figure £.8).
ceiling diffuser A
L
simpiified \
holding polnt X i
hoiding peint
welght
Figure I. 8 Part Flexibility Analysis

In order to avoid bending, the maximum stress on the sheet metal (roughly
assumed as a beam) should fulfill the following condition:

Omax =0y (f.9)

where,

Opax - Maximum stress on the part;

Gyf

yield stress of the sheet metal;

From Figure £.8, we can see that the maximum bending moment is in the cross
section A and its value equals [1011:

M=WL (f.10)

where,

W: weight of the whole ceiling diffuser;

L distance between the center of the ceiling diffuser and the holding point.

The stress of the surface in the cross section A can be written as:
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My (£.11)

°TTT

where,

¥ distances away from the center neutral axis;
I the moment of inertia,

For the rigidity requirement (company's quality standard), if one holds a certain

position of a ceiling diffuser (say, 40" away from the corner), the ceiling diffuser shouldn't

bent [27]. We take above assumed requirement for a rough analysis to see how the

material properties affect the product rigidity (see Figure £.9).

simpiified shape in the cross section

Note: this cross-section is taken from a position where the edge of the
cross-section is 40" away from a comer of a celiing diffuser.

Figure f. 9 Simplified shape in Cross Section

The centroid of the composite area in y axis:

_ 2(14h* 6+ 16h* 8+ 25h* 5)
Y= 14h+ 16h+ 250) * 2 4 40

=0 mm, =4 50mm

_— . b
The moment of inertia for a rectangular shape is: I = ETR We use several

formulae: Parallel Axis Theorem, Product of Inertia and Rotation of Axes [101] for the
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calculation of the moment of inertia of x,. We obtained:

141° 2, 16h° 21,
EXC :ZE——EE——%—P&(GM%S) %‘—127'““?16}1(8“4.5) 1+

3
4‘?2? + 40h(4.5)2 +

9508 | nros®

+
+[—i2—§m»32_+@—0+251:(5~4.5)21*2

Finally, I, =10.41h° +132958h
The position of the maximum stress o, lies in the upper or lower surface of the

beam (sheet), and given by:

My WLy

= = (£.12)
I 10.41h° +132958n

Omax =

Where, the W (weight of a ceiling diffuser) = 3.12 kg, L (distance from corner to
the center of a ceiling diffuser) =355 mm, h (thickness of the metal) = 0.61 mm (0.024™).

We also have:

On the top surface, v = (8-4.5)+h/2 = 3.81,

On the bottom surface, y = 4.5+h/2 = 4.81 (the maximum y value in this case).

‘The equation (£.12) yields:

. WL+ D)

max = 70,410 + 132958h

= 6.41 kg/mm? = 641 kgfem? = 23.14 ksi

The general range of yield strength o y of low carbon steel is between 25 ksi to 34

(£13)

ksi, so that the above maximum stress is a little bit higher than the yield point.

Although, for an accurate calculation, the above formulae are far too simple (more
accurate results may need more accurate diffuser shape definition and use of Finite
Element Analysis methods), the above analysis suggesis some of the very important
principles. From formulae (£.13), we see that the part flexibility is related to material yield

stress, metal thickness and more importantly, the product shape design. Selecting a metal
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with higher yield siress, with greater thickness and reducing the overall weight will benefit
the part flexibility.
In Formula (f.13), 1329.58h is much bigger than 10.41h3, asd 4.5 is much bigger

WIAS k WL‘ In order to keep the part from being

132958 b
casily bent, we should have: o4, < Oy. Then following formula may be used for the

than B/2, then, we haveo . o

selection of sheet metal properties.
oyh> kWL (£.14)

where,

WIL: bending moment,

Gy yield strength;
h: sheet thickness:
k: a constant.

We can see from equation (f.14) that the yield strength and thickness ave important
factors for the rigidity of ceiling diffuser product. The mixed index of the material
propeities is defined as the product of yield strength and material thickness.

From above rigidity problem analysis, we assume that [24,27]:

- if the mixed index is 0.7 or over, the defect ratio (rigidity quality) is 0%:

- if the mixed index is 0.5 or below, the defects ratio is 50%:

- if the mixed index is below 0.7, the defects ratio has a linear relationship with the
mixed index,

'The relationship [27] between the mixed index and the defects ratio can be

assumed as follows (Figure £.10).
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defects ratlo due o flexibility (%)

mixed Index

i
1

Figure £.10 Mixed Index and Defects Ratio due to Flexibility

The cost for each defect in this stage is assumed to be $15.00 [27].

Discussion:
If there are rigid requirements for the flat surface in the far corner of the outer

cone, the cross-section would be a rectangular shape. Using same principle as above

analysis, we have the following Figure £. 11.:

assumed shape in the cross section

.. thickness

Figuse f. 11 Hdge Shape of The Quter Cone

Now, we have: I, = % , and y=h/2

Mh_ 6WL _, WL

a‘ud’ Omax: 21 w hh2 hz

In order to maintain required rigidity, we have:
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oyh® > kWL
Then, the mixed index would be the product of the yield strength and the square of

the thickness (instead of the product of the yield strength and the thickness).
F.6  Packaging Cost

The packaging design is the company's decision. Increasing the complexity of the
packaging will increase the overall product cost.

If the metal is too thin, extra packaging material and effort is necessary to prevent
part bending in shipment and in the handling processes.

The cost related to packaging includes [24]:

- extra packing material;

- extra packing effort;

- extra transportation cost due to packing change

One realistic example for the packing cost change [24] is that, when the sheet
metal thickness changed from 31 thou to 26 thou, the packing cost increased. The value
of packaging cost increase is as half of the maierial saving due to the thickness decreases.

for the cost analysis, we assume [27]:

- if the metal is thicker than 31 thou, the packing cost is same as for 31 thog;

- if metal is thinner than 31 thou, the packing cost has linear relationship with

the thickness and the changing ratio is the same as for the example given.
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exira packing cost

$0.60 T
50404

50,20 |

0.00

thickness {ihou)

Figure £.12 Metal Thickness and the Exira Packing Cost
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APPENDIX G SIMULATED RESULTS OF THE IMPACT OF RAW
MATERIALS ON MANUFACTURING PROCESSES AND
PRODUCT QUALITY

The purpose of this simulation is to create a set of realistic experiemental data sets
for use in our proposed methods of solution.

In this simulation, material properties assumed to be as follows:

The metal thickness (T) follows a normal distribution with a mean value of 24 thou
and a standard deviation of 2 thou;

The metal yield strength (Y) follows a normal distribution with a mean value of 28
ksi and a standard deviation of 2 ksi;

The total elongation (E) of the metal has the following relationship with the yield
strength: E (%) = 61.89 - 0.67 Y with a variation (+/- 5.27) (see page 42 in Chapter 4).

The raw material properties randomly generated by computer are shown below

(only showing the first 100 data):

Thickiess Generated by Computer Yield Strength Generaied by Computer

number

55 ; 3 4 4 0 ] m' @ 3 g E g = o =
wE &8 8 & 3 & & & wmy O
a& 2oL 2 2 2 92 2o R£ I~ < -G ~ S~
3} [T=] uy Te) uy w2 U4 ur - - - g “ d q
= = § 8§ F B 8 5% 8 &8 & o8 8 3
thickness range ghou) yield strength range (e
Figure g.] Raw Material Properties Generated by Computer in the Simulation Program
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If we change the random "seed” number (in the computer simulation program), the

material properties generated will change accordingly, but the data will sl follow the

general normal distribution shape within the ranges chosen.

By means of computer simulation (using SLAMSYSTEM software), the material

properties generated and their cost impacts on the manufacturing process and product

quality are shown below (only showing the first 100 data sets);

Thickness Yield Sirength |  Average Total | Manufacturing Process / Product
(thou) (ksi) Elongation (%) Quality Cost Impact ($)
21.52 27.02 43.79 2.36
23.21 26.44 44.18 0.92
20.01 25.70 44.67 6.43
27.96 26.81 43.93 0.20
22.40 27.40 43.53 2.05
24.09 26.95 43.83 0.50
21.13 26.00 44.47 2.92
24.26 29.23 42.30 0.38
26.23 26.46 44.16 0.28
24.46 26.79 43.94 0.47
20.87 25.57 44.76 3.55
21.43 30.86 41.22 3.90
20.28 26.46 44.16 5.67
25.77 28.75 42.63 0.31
22.97 28.13 43.04 1.84
22.47 27.15 43.70 1.96
26.23 26.83 43.91 0.28
25.79 26.70 44.00 0.31
25.26 26.25 44.30 0.34
24.08 27.99 43.14 0.4
25.65 30.93 41.17 0.32
25.40 30.48 41.47 0.33
25.00 31.44 40.82 0.44
23.27 27.86 43.22 1.09
23.72 25.85 44.57 0.43
23.32 33.56 39.40 1.99
26.30 27.96 43.16 0.28
25.34 28.75 42.63 (.33

{continued ...... )
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22.35 27.28 43.61 1.57
26.63 27.18 43.68 0.27
21.95 2791 43.19 3.07
24.69 2794 43.17 0.36
27.35 29.22 42.31 0.24
21.21 29.67 42.01 4.64
23.65 25.57 44.76 0.71
23.10 26.63 44.05 1.47
25.34 30.08 41.74 0.33
25.71 30.65 41.35 0.32
27.94 31.76 40.61 0.21
27.87 28.59 42.74 0.21
25.46 27.65 43.37 0.32
22.55 29.62 42.05 2.40
22.25 30.46 41.48 3.05
25.84 29.80 41.93 0.31
23.41 28.94 42.50 0.99
23.75 27.70 43.33 0.70
25.14 28.36 42.89 0.34
23.51 27.41 43.52 1.26
23.67 27.63 43.38 1.25
23.01 28.19 43.00 1.83
24.81 27.35 43.57 0.36
22.63 28.87 42.55 1.94
23.22 26.71 43.99 0.73
24.78 27.21 43.66 0.45
20.59 2791 43.19 6.10
25.04 27.68 43.35 0.34
25.41 28.66 42.69 0.33
23.68 26.45 44.17 0.61
22.69 26.36 44.23 2.04
23.54 24.38 45.55 .63
22.96 24.80 45.27 1.21
23.65 28.33 4291 0.97
23.58 29.46 42.15 1.07
28.14 29.60 42.06 0.20
22.96 27.15 43.70 1.75
22.64 27.44 43.50 1.58

{continued
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21.15 28.81 42.59 3.56
25.40 27.60 43.40 0.33
18.90 27.49 43.47 8.47
23.77 27.93 43.17 0.60
24.65 28.30 42.93 0.36
23.87 28.20 42.99 0.78
21.06 26.82 43.92 3.56
23.71 29.52 42.11 i.06
21.72 29.05 42,42 3.71
25.96 29.38 42.20 0.30
24.59 27.83 43.24 0.37
20.83 29.23 42.31 4.65
24.48 2771 43.33 0.38
27.61 26.33 44.25 0.22
23.84 30.07 41.74 0.87
19.32 27.33 43.58 7.50
24.74 27.20 43.66 0.36
2451 29.64 42.03 0.55
23.02 28.39 42.87 2.38
23.19 29.17 42.35 1.46
21.48 27.76 43.29 2.91
2491 29.55 42.09 0.44
25.01 28.95 42.49 0.35
26.93 29.05 42.43 0.26
25.41 26.20 44.34 0.33
2423 23.42 46.20 0.41
23.63 27.64 43.37 0.43
Average Cost Impact
{for the above 100 data) = $2.41

Table g.1 Simulated Results of the Impact of Raw Materials on Manufacturing
Process and Product Quality

Above simulated cost impact data sets of the raw materials on manufacturing
process and product quality does not consider the cost impact of the actual materials on
the material price and related purchasing handling cost, which are simulated separately in

another purchasing process model.
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APPENDIX H DETAILED SIMULATED COSTS IN OUR SIMULATION
MGCDEL

The purpose of this Appendix is to show the detailed cost impact of raw materials
on material price, manufacturing process costs and product quality costs by setting a series
of arbitrary combinations of material properties.

We take the 16 arbitrary combinations of materiai properties as examples to give
an idea how the process works. The general cost relationships between the material
‘properties and various cost impacts are discussed in Chapter 4, Chapter 5 and Appendix F.
The detailed material property combinations and the simulated cost impacts from our

model are shown in Table h.1. Below is an explanation of the table:

In the Table h.1, the following combination of material thickness is assumed:
¢ The sheet thickness varies from 20 thou to 32 thou in increment of 4 thou;
¢ The yield strength varies from 20 ksi to 32 ksi in increment of 4 ksi:
» The total elongation is derived from the yield strength with certain
variations (+/- 5.27%) [see Chapter 4], and the average total elongation varies

from about 49% for 20 ksi yield strength to about 40% for 32 ksi yield strength.

The various cost impacts (see Table h.1) of the material properties on various
affected process steps are obtained from our simulation runs. They are explained as

follows;

o Sheet Metal Price Per Unit
In this simulation model (in Chapter 7), we assume that the metal price per unit has
a linear relationship with the sheet thickness since the manufacturer pays for the sheet

metal by weight [24]. The formulae used to calculate the unit price [27] is:



Material price per unit ($) = 0.1007 x thickness
This equation is only for commercial quality steels. Not shown in the price column
is a switch that can change the material quality levels (commereial quality, draw

quality, and draw quality special killed) and related prices.

e Cost Due to Pickup Problem

The pickup problem only occurs in the shape pressing operation (see Chapter 5).
When the metal sheet is thin and the yield strength is low, the parts have more
tendency to stick on the die or press after pressing which increases operation time and
the operator cost. The detailed relationship used is discussed in the section F.1 of the
Appendix F.

The worst case shown on the table is $0.04/unit.

¢ Machine #1 Extra Wear Cost and Machine #2 Extra Wear Cost
Thicker and higher yield strength metal requires a higher pressing force to bend the
sheet to the right shape, which increases the machine wear and maintenance cost (see
Table h.1). The detailed refationship is discussed in the section F.2 of the Appendix F.
The cost calculation formulae for machine extra wear are:
Machine #1 extra wear cost ($) = 0.032 x (thickness)? x yield strength / 21952
Machine #2 extra wear cost ($) = 0.021 x (thickness)? x yield strength / 21952
The formulae show that the problem builds quickly as the thickness increases. The
machine extra wear cost varies from $0.01 to $0.05 per unit. This formulae may not

suit extreme thickness and yield strength conditions.

e Cost Due to Neck Ripping
The metal with a higher total elongation and great thickness tends to have higher

stretchability to reduce the possibility of the neck ripping in the neck formin g
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operation. The ripped neck is causing rejects and causes extra quality cost in thig
operation (see Table h.1). Different neck sizes also have different metal siretch
requirement and the part with a smaller neck size has a greater possibtlity to become 2
defect. The worst condition is the very thin metal with a low elongation such as the
thickness of 20 thou with elongation of 40.45% shown in the Table h.1. The detailed

relationship is discussed in the section F.4 of the Appendix F.

o Cost Due to Product Rigidity

To reduce the chance of part being too flexible in handling and installation, the part
needs minimum rigidity. The metal with a thinner and lower yield strength will tend to
be too flexible to handle. For the model, we assume that the part is tested for
flexibility just before the final assembly rather than having the customer return the
product. The worst case regarding the cost due to product rigidity is the combination
of thickness of 20 thou with yield strength of 20 ksi. The cost relationship is discussed

in the section F.5 of the Appendix F.

e Cost Due to Extra Packing

Thinner metal requires more sophisticated packing to avoid part bending during
the transporiation process, however, more packing material and effort increases the
packing cost, with the 20 thou thickness indicating the worst case (see Table h.1),
The detailed relationship is discussed in section F.6 of the Appendix F.

Note that the packing cost varies even if the thickness is a constant value. The 20
thou case is most prominent. The reason is that when the metal has very unsuitable
properties (very thin or very low yield sirength), many paits may be rejected through
the production process. The rejected pasts, here in neck forming and rigidity testing
operations, are not packed for shipment. So the extra packing costs for these rejected

parts are not counted in the packing operation.
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+  Overall Total Cost

The overall total cost is the combination of the various costs discussed above. The
data (shown in the Table h.1) indicate that many parts made from very thin metal
cannot become quality products. However, if the metal is too thick, the material price
and the manufacturing cost will increase accordingly. The best combination would be:
on one hand, the metal satisfying the quality requirements; on the other hand, with the
lowest possible material price and manufacturing expenses. In the Table h.1, the metal
with the thickness of 24 thou and the yield strength of 24 ksi shows the best cost

balance - the lowest overall cost among the 16 combinations of metal properties.

The above simulated costs could be adjusted to be closer to the real situations as
more test information becomes available. Also, if other operations are found to be
affected by the material properties, they could be easily added to the model, The
model could also provide other types of outputs such as defects ratio if more accurate

data and related information become available.

196



Lo1

sheet yield average | sheet metal | cost duc to | machine #1 | machine #2 | costducto | cost due to cost due o overall
thickness | strength {otal price per pickup extra wear | extra wear neck product extra total cost
elongation uif probiem cost cost ripping rigidity packaging impact
(thou) {ksi} (%) (3} &) )] ] %) (%) (%) )
20 20 48.49 2.03 0.04 0.0] .01 2.47 5.39 .42 10.37
20 24 4581 2.03 0.04 0.01 0.01 4.47 1.84 0.31 8.70
20 28 43,13 2.03 (.04 0.02 0.01 6.85 0.00 0,18 9,12
20 32 40.45 2.03 0.04 0.02 0.01 7.89 0.00 0.12 10.11
24 20 48.49 2.44 0.04 0.02 0.01 (.00 331 .35 6.16
24 24 4581 2,44 0.04 0.02 0.01 0.00 0.00 (.35 2.85
24 28 43.13 2,44 .01 0.02 0.02 0.17 0.00 0.35 3.00
24 32 40.45 2.44 0.00 0.03 0.02 (.38 5.00 0.32 3.68
28 20 48.49 2.85 0.02 0.02 0.01 0.00 0.00 0.15 3.04
28 24 45.81 2.85 0.00 0.03 0.02 .00 0.00 0.15 3.03
28 28 43.13 2.85 0.00 0.03 0.02 0.00 0.00 0.15 3.04
28 32 40.45 2.85 0.00 0.04 0.02 0.00 0.00 (.15 3.05
32 20 48.49 3.25 0.00 0.03 0.02 0.00 0.00 0.00 3.2¢
32 24 4581 3.25 0.00 (.04 0.02 0.00 0.00 6.00 3.30
32 28 43.13 3.25 0.00 0.04 0.03 0.00 0.00 0.00 3.31
32 32 40.45 3.25 0.00 0.05 0.03 0.00 .00 0.00 3.32
Table h.1 Detailed Simulated Costs from Our Simulation Model



