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Abstract

The selection of right process, use of optimal machining parameters and
specification of best tolerance parameters have been recognized by industry as key issues
to ensure product quality and reduce production cost. The three issues have thus attracted
a great deal of attention over last several decades. However, they are often ad‘dressed
séparately in existing publications. In reality, the three issues are closely interrelated.
Analyzing the three issues in isolation will inevitably lead to inconsistent, infeasible, or
conflicting decisions. To avoid the drawbacks, an integrated approach is proposed to
jointly solve process selection, machining parameter cptimization, and tolerance design
problems. The integrated problem is formulated as a bi-criterion model to handle both
tangible and intangible costs. The model is solved using a modified Chebyshev goal
programming method to achieve a preferred compromise between the two conflicting
criteria.

The application of the proposed bi-criterion approach has been demonstrated by
first using the single component single part feature case. The integrated approach is then
extended to the multiple components multiple part features case (the assembly case).

Examples are provided to illustrate the application of the two models and the
solution procedure. The results have shown that the decisions on process selection,
machining parameter selection and tolerance design can be made simultaneously using

the models.
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Nomenclature

Indices

h part feature in an engineering drawing, A=1,..,. H

i machining stage (different part feature # may require different number of
machining stages according to its design tolerance requirement), i =1,...,/,

J machining process code (different part feature » may require different
number of machining processes), j=1,...,J,

n rough turning pass for machining part feature h, n=1,..., N,

q quality characteristic, g=1,...,0

s rough milling pass for machining part feature 4, s=1,...,S,

Parameters

BHN workpiece hardness (Brinell hardness number)

Crij» Canij» Cruj» Csig - machining cost, inspection cost, rework cost, and scrap cost
($/piece) of process j in stage i for part feature h
C;,C,,Cy,C;  machining cost ($/piece), operation cost ($/min), tool cost ($/tool),
and tool replacement cost ($/min) of process j

Crmirs Crscnigs Crmnis Crasig - €xpected cost per feature, per feature that conforms to

specifications, per reworked feature, and per scrapped feature incurred in

process (i, j) for part feature h ($/piece)

Cun raw material cost of part feature 4 ($/piece)

Conmi expected cumulative cost per acceptable part feature s after process (i, j)
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($/piece)

D, diameter of milling cutter (mm)

d, milling width

D, nominal design target of part feature A

D, initial diameter of the rotating workpiece (mm)

dr.n machining allowance of milling process for part feature A
D,,,1, nominal value and tolerance of quality characteristic function ¥,
e overtravel of milling cutter on the workpiece (mm)

E machine tool efficiency

E.(L(x)), expected value of L(x) of part feature h -

Fpo > Praxj» Ramax;  maximum force, power, surface roughness for process j
f(x) probability density function of quality characteristic x
K,,.K,, coefficients in the loss function of part feature A

K;,a;,A  constants for grinding wheel life
Kia,Kger, Ko, Kgey  Constants for grinding force (* = F') and power (* = P)

K., X..,Y.,,Z,; constants for drilling and reaming thrust force (* = F') and torque

(*=M)
K, 0> Kyrer> Koz, Kyposs Kiyes  Constants for milling force (* = F') and power (* = P)
K, constants for drilling and reaming power
K, X U, Y 20 V0, S0 W constants in the tool life equations for drilling

(*= D), boring (*= B), reaming (* = R), and milling (*=M)

IA overtravel of milling cutter on the workpiece before cutting (mm)
l overtravel of milling cutter on the workpiece after cutting (mm)
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L cutting length of the workpiece for machining part feature 2 (mm)

L(x) quality loss function of quality characteristic x
N, number of teeth per milling cutter body
Px) probability of quality characteristic x

R,,K. ,K.,,K, constants for grinding surface roughness

T,T1,,T, machining time, tool life, and tool replacement time of process j (min)
Y upper and lower design tolerances of part feature # (mm)
1:,,.1.,t,';j tolerance limits of process (i, j) for part feature 7 (mm)

W, f.,d.,D, Cutting speed (m/min), feed (mm/rev), depth of cut (mm), and diameter
of work (or hole) (mm) of turning (* =T7), drilling (* = D)), boring
(* = B), reaming (* = R), milling (* =M ) (for milling, D, does not exist)
and grinding (* = G) (for grinding, V, =V, surface speed of the rotating
workpiece, and D, = D, diameter of workpiece)

Vg, B, Dg, Dy, Dy grinding wheel surface cutting speed (m/min), wheel width
(mm), wheel diameter (mm), workpiece diameters before and after
grinding (mm)

Viigs Viss Jup> o> @ng»dny  lower and upper limits of cutting speed (m/min), feed rate
(mm/rev), and depth of cut (mm) in process (i, j) for part feature A

Y, function of quality characteristicq, ¥, = f(D,,...,D,)

a percentage of rejected features after the finish stage

a.,p..7.,B. empirical parameters in the tool life (* = T"), cutting force (* = F'), and

power consumption (* = P) equations of turning processes

ag, By, 1,0,B, empirical parameters in the surface roughness equation of turning



process

O s C g process variance and capability index of procesé (@i, j) for part feature h

D(x) standard normal distribution function of quality characteristic x

Variables

D, Diameter after process (7, j) of part feature 2 (mm)

m; Integer variable (m,, =1, if process j in stage i is chosen to machine
part feature A, 0, otherwise)

N, The number of rough turning passes used for machining part feature #

S, The number of rough milling passes used for machining part feature A

1, Design tolerance of part feature h

Vi Juj» Q> 1wy Cutting speed (for grinding passes, workpiece surface cutting speed)

(m/min), feed rate (mm/rev), depth of cut and tolerance (mm) of

process j in machining stage i for machining part feature A

Note: In the model of the single part feature case, the above parameters are used by

simply dropping subscript A.
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Chapter 1

Introduction

1.1 Overview

The increasingly intensified global competition has forced manufacturing
companies to look for all possible means to reduce production costs and improve product
quality. Selection of appropriate machining parameters such as cutting speed, feed rate
and depth of cut has been a common practice for cost reduction in the metal cutting
industry. Related literature has been substantially enriched by considerable research
ranging from the early studies (i.e., Petropoulos, 1973) for turning, their extension to
various multi-pass turning (i.e., Tan and Greese, 1995), and further to the recent work in
grinding (Xiao and Malkin, 1996, Capello and Semeraro, 2002) as well as drilling
(Shunmugam et al., 2000). Tolerance related parameters including process mean and
process tolerance have been mainly used as the variables for quality improvement.
Notable contributions in this direction include, among others, a series of publications by
Feng and Kusiak (1997, 2000), Jeang (1995, 2002) and Li (2000, 2002). It is important to
note that most of the previous studies on cost and quality issues have been carried out
separately. However, it is well known that the two are closely related. Optimizing one in
isolation may be detrimental to the other and may lead to conflicting decisions. Though
quality loss as a decision criterion has gained popularity in tolerance design, it represents
only part of the total cost in a product life cycle. The lack of synergy between the cost

and quality related studies inevitably undermines the significance of the outcome.



Analyzing the two issues in isolation also leads to the segregation in handling
planning parameters that are interrelated by nature. When cost, in particular, the
machining cost, is to be minimized, machining parameters are traditionally considered,
whereas tolerance related parameters such as process mean and process tolerance are
often neglected. Similarly, when dealing with quality issues, process mean and process
tolerance are routinely used as the sole decision variables. In reality, the machining
parameter decision is directly affected by, and in turn strongly influences tolerance
decisions. For instance, the process tolerance cannot be specified without considering the
process capability. By the same token, machining parameters, especially the ones for the
finish machining process, should not be selected without knowledge of the resulting
tolerance. The two sets of parameters jointly affect both production cost and product
quality due to their mutual interactions. It is therefore inadequate to consider one and
ignore the other for either cost reduction or quality improvement.

Another issue affecting both cost and quality is process selection. The process to be
used has often been either assumed to be given or specified subjectively without detailed
quantitative analysis. For example, most studies on machining parameter optimization
deal with only one given process, e.g., turning, drilling, boring, grinding, or reaming. The
fact is, however, that there often exist several alternative processes for the same job and it
is not always clear which of the alternative processes is predominant over the others. For
instance, a hole-making job can be done by drilling followed by either boring, reaming,
grinding or their combinations, rendering different cost and quality outcomes. Hence it is
irrelevant to “optimize” machining parameters without knowing which process is to be
selected beforehand. Furthermore, most products require several machining stages.
“Optimizing” the machining parameters for a single machining stage without considering
other stages and their interactions may lead to inconsistent, infeasible or conflicting

decisions.
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Figure 1.1. Relationships among planning objectives,
planning parameters and machining process

The interactions among the planning parameters (machining parameters, tolerance
parameters and processes) and their combined effects on planning objectives (cost and
quality) are illustrated in Fig. 1.1. To avoid the problems revealed above, all the planning
parameters should be simultaneously considered and both planning objectives should be
incorporated in the planning process. For this reason, an integrated approach is proposed

in this thesis.

1.2 Problem Description and Objectives

As revealed earlier, process selection, machining parameter selection and tolerance
specification are often carried out separately, thereby causing inconsistent, infeasible or
conflicting decisions. This problem can be avoided only when an integrated approach is
adopted. Due to the complexity of the integrated solution, the focus of this thesis is firstly
on applying an integrated approach to the single component single part feature case. In

manufacturing practice, many part features need to be machined to meet their



specifications, such as shafts, sleeves, and screws. In this study, analysis is focused on
three part features, namely, two round shaped features including both external rotational
surfaces (such as shafts, spindles, handles, and pistons) and internal rotational surfaces
(e.g., holes and internal surfaces of cylinders), and one planar shaped feature (planar
surfaces). From the manufacturing viewpoint, a part needs to go through several
manufacturing processes. This may be due either to the complex geometry of the feature
or to tight tolerance and strict surface finish requirements for the feature. For example,
the process chain of drilling -- rough boring — semi-finish boring -- grinding can be used
to enlarge a hole with relatively high accuracy and surface finish requirements. It is well
known that different combinations of manufacturing processes can be used to machine
different part features. The external round surfaces are typically done by turning and
grinding. The machining of internal rotational shapes generally involves drilling, boring,
reaming, grinding and honing. Milling is required by machining the planar surfaces.

In this thesis, the machining tasks of the round shaped feature groups are classified
into four stages: primary, rough, semi-finish and finish machining (Fig. 1.2) and the
planar surface feature group into two stages: rough and finish machining (Fig. 1.3). Each
stage is accomplished by a process selected from several alternative processes. Each
process may require several passes. This mostly occurs in primary machining stage when
a large volume of material needs to be removed. For external round surfaces, the primary
stage includes one or several rough turning passes, the rough machining stage is normally
done by a finish turning process, the semi-finish stage involves a rough grinding process,
and finally the finish stage contains a finish grinding process (Fig. 1.2a). The four stages
for internal rotational surfaces and the two machining stages for planar surfaces are
shown in Fig. 1.2b and Fig. 1.3 respectively.

It should be pointed out that not all the machining stages are required for a

particular product and not all the processes of a machining stage are necessary. The
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Figure 1.2. Typical machining stages and processes for external rotational
surfaces (a) and internal rotational surfaces (b)
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Figure 1.3. Typical machining stages and processes for planar surfaces

decisions on selecting a process for each machining stage, specifying number of passes
for a process, selecting machining parameters, and determining process tolerance and
process mean depend not only on the product specifications but also on the tangible and
intangible cost concerns. As mentioned earlier in this study, some cost components such
as machining costs and quality loss can be quantified but other factors may not be
directly analyzed in monetary values. For example, if the tolerance is tight, the operator
has to pay more attention to the work. It would be more difficult and time consuming to
set up the machine, tooling, fixture and workpiece. The degree of “attention” and the
level of “difficulty” will eventually contribute to cost and production time. It has been
suggested that the relation between tolerance f and manufacturing cost C be “quantified”
using a quadratic function C=A+(B/f*) (Spotts, 1973) or linear function
C = A+(B/t) (Chase et al., 1990) but it is not easy to accurately estimate parameters A
and B. Furthermore, the interactions between tolerance and other factors such as

machining parameters and their combined effect on the final cost cannot possibly be

described by such overly simplified models.



For the above reasons, a bi-criterion approach for simultaneously solving process
selection, machining parameter selection and tolerance design problems for a part feature
is proposed in this thesis. One of the criteria is the tangible cost, i.e., the expected unit
cost consisting of raw material cost, operation cost, tool cost, tool replacement cost,
inspection cost, and quality loss. The other criterion is the intangible cost due to
excessively tight tolerance. All the factors such as process, machining and tolerance
parameters will be incorporated in order to consider their interactions and joint effect.

Furthermore, the most common tolerance design problem encountered by
engineering designers is the distribution of the specified assembly tolerance among the
components of a product assembly. This problem is called “tolerance synthesis” or
“tolerance allocation”, which has been the topic of a large number of research
publications. Most of the reported approaches, i.e., Rao and Hati (1978), Deng and Deng
(2002) in this direction are based on the optimization of the cost-tolerance function. The
manufacturing cost is usually considered as a function of a sole variable--tolerance, and
other parameters are assumed to be given and fixed. However, as stated earlier, most of
the parameters such as machining speed and feed rate are closely related and jointly
affect the total manufacturing cost. Furthermore considering these related factors
separately will lead to inconsistent and conflicting solutions. This may explain why the
reported models have not been well accepted by industry. To overcome these drawbacks,
we extend the integrated approach to the assembly case.

In view of the above, the primary objective of our work in this thesis is to develop
an integrated approach for jointly solving the process selection, machining parameter
selection and tolerance design problems considering both tangible and intangible cost
criteria. Generalized models a) single component single part feature case, and b) multiple

component multiple part feature (product assembly case) will be developed. The models



will be solved using a goal programming approach to find preferred compromise between

the two non-commensurable and possibly conflicting decision criteria.

1.3 Organization

The rest of the thesis is organized as follows. Chapter 2 provides a brief review of
previous work in process selection, machining parameter optimization and tolerance
design. Chapter 3 presents the two generalized models for single componeént single part
feature case and multiple component multiple part feature (product assembly case). The
illustrative examples and the computational results are reported in Chapter 4. Chapter 5

concludes the thesis and suggests possible future work.



Chapter 2

Literature Review

As the major effort of this thesis is directed towards an integrated approach for
solving process selection, machining parameter optimization and tolerance design
problems simultaneously to avoid inconsistent and infeasible decisions, it is necessary to

review the most prominent studies on the three topics in this chapter.

2.1 Process Selection (Process Sequence Determination)

In the modern manufacturing environment, alternative sets of machining processes
can normally be generated for machining one feature of a part. Each set of manufacturing
processes results in a specific manufacturing cost and requires a specific set of
manufacturing resources, such as machines, fixtures/jigs and cutting tools. Therefore,
process selection is a key factor governing the product cost in manufacturing. In the
literature, the process selection problem has often been discussed related to tolerance
design rather than machining parameter optimization since most studies on machining
parameter optimization deal with either one given process or one given process sequence.

The study by Zhang et al. (1992) was probably among the first that simuitaneously
address process selection and tolerance issues. Stemming from this early work, Zhang
and Wang (1993a) proposed a mathematical model to simultaneously allocate design and
machining process tolerances for a given set of machining processes by using simulated
annealing. They took the piston-cylinder hole assembly as an example, and predefined

the two process sequences for machining the two parts. Although design and machining



process tolerances were obtained simultaneously, the process selection issue was missing
from their analysis.

Later, Zhang and Wang (1993b) suggested a mathematical model to identify the
optimal process sequence and determine the processing parameters (dimensions and
tolerances) for all intermediate processes, by minimizing the manufacturing cost based on
cost-tolerance functions for a rotational part. They classified all the machining processes
into four sets of manufacturing processes: rough, semi-finish, finish, and extfa-high
precision, and searched for the optimal process sequence by choosing a process from
each set of manufacturing processes. However, it should be pointed out that they did not
optimize all the parameters simultaneously. Their method consisted of three steps. First,
they used a goal-directed tree search approach to searching all possible process
sequences. Secondly, they calculated the total manufacturing cost of each feasible
process sequence through the optimization modeling procedure and chose the optimal
process sequence with the minimum cost. Finally, after the process sequence of a feature
had been determined, the manufacturing dimensions for all intermediate processes were
calculated.

Besides the studies of Zhang and Wang (1993a, 1993b), Yeo et al. (1996)
developed a methodology to optimise the process sequences and tolerance allocation for
all intermediate processes using an expert system approach based on minimum
production cost.

Recently, Ming and Mak (2001) proposed intelligent approaches to tolerance
allocation and manufacturing process selection in process planning. Their approaches
included two steps. The optimal tolerances were first determined for each process
comprising a set of sequenced manufacturing processes, which was then used to machine
a feature in such a way that the resulting manufacturing cost was minimized. Then the

optimal sets of manufacturing processes required to machine all the features of a part

10



were identified. It is noteworthy that their approaches were achieved by minimizing the
sum of the manufacturing costs of the selected sets of manufacturing processes and the
dissimilarities in their manufacturing resource requirements. Like other approaches, the
manufacturing cost of each process was also calculated based on a certain cost-tolerance
function.

The above literature review on process selection indicates that the existing

approaches have the following shortcomings:

1) The processes are often selected based on overly simplified cost-tolerance
functions. More detailed and comprehensive relationships among process,
machining parameters, cost and tolerance are overlooked.

2) Only partial, and sometimes inconsistent, infeasible and conflicting
solutions are provided. Such solutions can rarely be implemented for shop
floor decisions.

To avoid these drawbacks, a more comprehensive approach to the process selection

needs to be developed.

2.2 Machining Parameter Optimization

In a competitive production environment, the selection of appropriate process
variables is an essential step in the process planning of machining operations. For
example, low speeds and feeds result in low production rates, whereas excessively high
speeds and feeds may reduce tool life to the point where the cost of tool change
outweighs the value of increased productivity, and production rates drop because of the
time required for tool changes. In this study, six different processes (milling, turning,
grinding, drilling, boring, and reaming) for machining three types of features: planar
surfaces, external rotational surfaces, and internal rotational surfaces are to be considered.

The optimal parameter selection in turning has been investigated extensively. However,
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the optimal conditions in milling, grinding, drilling, boring and reaming have not

received much attention. Related literature is reviewed in the following.

2.2.1 The Milling Process

Milling is the most versatile and widely used manufacturing process. Substantial
volumes of material can be removed by rough milling with relatively low cutting speed,
large feed rates and depths of cut. Good surface finish and small dimensional tolerances
can be achieved by finish milling with high cutting speed, low feed rates and depths of
cut.

As early as in the 1970s, Rao and Hati (1978) explained how to optimize milling
process parameters. They solved the problem using the minimum production cost per
piece, the maximum production rate and the maximum profit as the objectives, with
cutting speed, feed rate, and spindle torque constraints. It should be mentioned that they
actually optimized only two process parameters: cutting speed and feed rate since they
adopted simplified tool life equation and machining time equations with only cutting
speed and feed rate as variables.

Recent work in milling parameter selection and optimization ranges from off-line
optimization based on various objectives to on-line adjustment. Liu and Wang (1999)
designed an adaptive controller with optimization feature based on two kinds of neural
networks. Their method is very innovative and can be used to adjust the machining
parameters in real-time so as to ensure the quality, reduce the machining cost and
increase the machining efficiency. It is noticed that milling depth and cutting speed were
preset at different levels, and only the feed rate was adjusted.

Juan et al. (2003) constructed a machining model based on a polynomial network to
optimize cutting parameters in terms of production cost. However, this method limited its

application to the rough machining of high speed milling operation.
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2.2.2 The Turning and Boring Processes

The selection of optimal machining parameters (cutting speed, feed rate, and depth
of cut) for turning has been investigated extensively in the literature. Optimization efforts
can be classified into two types: single-pass and multi-pass. For single-pass problem,
Gopalakrishnan and Al-khayyal (1991) developed an optimization model to determine
machine cutting speed and feed rate that minimize the total machining cost using
geometric programming. In addition, the surface finish and the machine power
constraints were considered in their modelling. Similarly, an optimization CAM software
package for the selection of economic cutting conditions in single pass turning operations
was developed by Wang ef al. (2002). Their optimization was based on the maximum
production rate subject to several practical constrains such as maximum cutting force and
torque.

In the above studies, only one decision criterion was considered. Several
researchers have addressed this issue involving multiple criteria. For example, Agapiou
(1992) determined the optimum machining conditions for single-pass turning based on an
objective function incorporating both production cost and production time. The two
criteria were prioritized through their weight coefficients.

Some researchers have incorporated other factors into their optimization models,
such as the stochastic nature of tool life and the cost of quality. Koulams (1991)
considered the influence of tool chatter failure in the optimization model. In his study, a
tool failure probability function was constructed and used as a penalty cost function
added to the objective function. Hui ef al. (2001) developed a time-dynamic economic
model for single-pass turning. The model incorporated considerations on quality cost, the
stochastic nature of tool-life and tool maintenance activities such as tool replacement and

regrinding.
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It should be noted that most of the approaches to the optimization of single-pass
operation either deal with two variables (cutting speed and feed rate), i.e., optimize
cutting speed and feed rate for a given depth of cut.

Ermer and Kromodi (1981) developed a multi-step mathematical model to solve a
constrained multi-pass machining problem. In the conclusion, they pointed out that a
muti-pass operation may be more economical than a single-pass operation with certain
constant total depth-of-cut. Actually, the multi-pass machining problem that Ermer and
Kromodi solved consisted of only two passes. The depth of cut in finish and rough passes
must be assumed before the optimization problems could be solved.

To avoid those drawbacks, a tandem approach to selection of machinability data
was developed by Yeo ef al. (1995). They formulated the problem based on a constant
depth of cut for the roughing operation to determine the optimal depth of cut, feed rate,
speed and number of passes. The optimum depth of cut, feed rate, and speed for one
finishing pass after several roughing passes were also determined simultaneously.

Furthermore, Tan and Creese (1995) developed a more general muti-pass
machining model and used an approximation solution approach for selecting the optimal
number of passes, as'. well as the depth of cut, feed rate, and cutting speed for each
individual pass. In their model, the depth of cut, feed rate, and cutting speed could be
different for different rough passes, and there may be more than one finish pass.

Some researchers also attempted to include more factors into their optimization
models for multi-pass turning. For example, Liang et al. (2001) presented an integrated
approach for simultaneous optimisation of machining parameters, including machining
speed, feed rate and depth of cut, number of passes, tool adjustment interval, and the
amount of adjustment.

In the existing literature, very few papers dealt with the optimization problem for

the boring process. Because the mechanism of a boring process is similar to that of a
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turning process, most researchers (i.e., Zhao 1992, Agapiou 1992) selected the optimal
parameters for the boring process using an approach similar to that used in the turning

process.

2.2.3 The Grinding Process

Grinding is a machining process which utilizes a grinding wheel consisting of
abrasive grains held together with a binder material. The actual cutting points on abrasive
grains at the wheel surface are micro-cutting tools which interact with the workpiece
material. Due to the complexity of grinding process and the numerous factors which
affect the grinding performance, it is very difficult to optimize grinding parameters.

The selection of operating parameters for most metal cutting processes is usually
based on the well-known Taylor tool life equation (Malkin, 1976). Unfortunately, no
such relationship has been found for grinding processes because grinding wheel wear is
an extremely complex process. There is no consensus even on the definition of tool life.
Various definitions of a tool life criterion, such as deterioration of surface finish with
grinding time, loss of wheel form, machine vibrations, surface cracking and a
metallurgical criterion, are used in the existing optimization methods for grinding.

Malkin (1976) provided an analytical method to select operating parameters for
grinding of steels when the grinding wheel tool life was limited by burning of the
workpiece. The optimal workpiece speed and feed rate were chosen based on the effect of
two parameters: the volume removed per wheel dressing and the production time needed
to grind away a unit volume of material.

On the other hand, some studies showed that wheel wear behaviour can be
empirically correlated to some extent with some parameters of the grinding process. For
example, Shirai (1982) developed an equation of wheel life, which showed that the

grinding wheel life was proportional to wheel speed, and inversely proportional to
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workpiece speed and grinding depth of cut. If the diameter of grinding wheel exceeded a
constant, the wheel should be dressed. Shirai’s equation is adopted in this thesis.

A more comprehensive on-line optimization system was developed by Xiao e al.
(1996) for cylindrical plunge grinding to minimize production time while ensuring
quality requirement. This system incorporated more realistic constraints (i.e., thermal
damage, surface roughness, out of roundness, taper, and wheel wear), considered time
dependent behaviour, and also optimized the dressing interval. In this study, wheel wear
was empirically related to the normal stress at the grinding zone and the rotational wheel
speed.

It is noticed that most existing studies focused on cylindrical plunge grinding and
very few on traverse cylindrical grinding. Capello and Semeraro (2002) is one of the few
dealing with the traverse cylindrical grinding processes. In their experimental study, they
suggested that the optimal grinding parameters (i.e. workpiece speed, feed rate and depth

of cut) be selected based on minimum residual stresses.

2.2.4 The Drilling and Reaming Processes

Drilling and reaming are often used together in hole-making operations. If the
diameter of hole is relatively large, a pilot hole may have to be drilled using a tool of
smaller diameter and then be reamed to its final size with a larger tool.

As mentioned earlier, the optimization of process parameters in drilling and
reaming has received little attention. Most approaches used in the two processes are very
similar to those used in turning. Rao and Hati (1978), and Agapiou (1992), are among the
few who addressed the optimization of process parameters for drilling. Their models used
the production cost as the objective function. The constraints include allowable maximum
cutting force, cutting temperature, depth of cut, cutting speed, feed rate, machining power

limits and surface finish requirements.
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Similarly, Shunmugam (2000) considered the optimal selection of parameters in
multi-tool drilling. The minimum production cost was taken as the objective with the
constraints of the speed and feed rate ranges, strength of the drill, maximum axial thrust
allowed by the feed mechanism and cutting power. The model also included the
preventive tool replacement strategy adopted in industries. It should be noted that, in this
study, the hole-making operations were carried out by drilling with a single drill or pilot-
drilling of one or more holes followed by enlargement operations.

As for reaming, Bezerra ef al. (2001) proposed an experimental procedure to obtain
the optimal reaming parameters based on two criteria: the dimensional stability (diameter,
roundness and cylindricity) and surface roughness. However, this method did not

optimize all the cutting parameters simultaneously.

2.2.5 Multiple Processes (Multi-stage Machining System)

Very often, a product needs to go through several different processes to meet
surface ﬁnisﬁ and dimensional requirements. Therefore, it is more realistic to select
optimal machining parameters for all the processes to be performed on the product.
Surprisingly, the optimization problem for multiple processes has not received much
attention.

Rao and Hati (1978) developed a procedure for optimizing cutting conditions
(cutting speed and feed rate) for turning, drilling and milling with pre-specified process
sequence.

Koulamas (1991) proposed an analytical model for the simultaneous optimization
of cutting speed and feed rate, and optimal tool replacement policy for a two-stage
machining system, which was predefined as a sequence of two processes (e.g. turning
followed by drilling, drilling followed by reaming, etc.). Agapiou (1992) solved the

optimization problem for a more complex multi-stage system consisting of five processes
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(turning, boring, drilling, milling, and tapping). Like most approaches, however, the
optimization model dealt with only two variables (cutting speed and feed rate).

As part of their effort in jointly solving tool travel scheduling, tool switch
scheduling, tool selection and machining speed selection, Kolahan and Liang (2000)
reported a tabu-search approach to minimize the total processing cost for a hole-making
operations (drilling, reaming and tapping) by optimizing the cutting speed.

In summary, a variety of optimization models have been developed to select the
optimal machining parameters for the six commonly used processes (milling, turning,
grinding, drilling, boring, and reaming). Most of them considered three different
objective functions, namely, minimization of unit production cost, maximization of
production rate and profit. The common limitations of previous studies include:

1) Machining parameters are selected independent of tolerance decisions.

2) The interactions between current, up and down stream processes are overlooked

and thus the machining parameters are selected for each process separately.

3) The depth of cut is left out as a decision variable.

The above situation calls for further investigation of this problem.

2.3 Tolerance Design

Tolerance design is essential part of design and manufacturing. Proper selection of
tolerance parameters has a significant impact on product cost and quality. In the past
decades, researchers have developed a variety of models to solve tolerance design
problem. In this section, a brief review of three important topics in tolerance design, i.e.,
cost-tolerance functions, tolerance allocation methods, and tolerance design and process

setting, is presented.

2.3.1 Cost-Tolerance Functions
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Considerable research has been carried out for optimal tolerance design based on
manufacturing cost consideration. It is well known that the smaller the tolerance of a
manufacturing process, the higher the manufacturing cost. The five commonly used cost-

tolerance functions are (Wu et al. 1988)

1) The Sutherland function: C =™

2) Reciprocal square function: C =a/#*

3) Reciprocal function: C =a/t

4) Exponential function: C = aexp(-bt)

5) Michael-Siddall function: C = at™ exp(-dt)

The coefficients in these cost models were determined from the empirical
tolerance-cost data by a curve fitting. Based on their experimental work, Wu et al. (1988)
concluded that none of the five functions fit the field data well and large errors were
observed. The authors further pointed out, it is often difficult to estimate those
coefficients using the field data.

In view of this, Dong and Hu (1991) introduced and tested combined linear and
exponential, cubic polynomial, fourth-order polynomial, and fifth-order polynomial cost-
tolerance models. The polynomial models are found to give a more accurate fit than
others but if the data points do not exhibit a “polynomial nature”, the resulting curve may
exhibit large oscillations.

In order to fit cost-tolerance empirical data more accurately, the natural spline
model based on a numerical method was proposed by Yeo ef al. (1996). In addition, for
the same reason, a new analytical cost-tolerance model was developed by Diplaris and
Sfantsikopoulos (2000). This model is more inclusive than the previous ones because it
takes into account the size of the toleranced dimension, the tolerance size, the size of the
initial tolerance before machining starts and the size of the workpiece surface that has to

be machined to the specified tolerance.
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Although many researchers have made great efforts to improve cost-estimating
accuracy, the errors due to cost-tolerance functions presently in use seem to be
unavoidable. This inaccuracy will be carried over to the optimization models for

tolerance design, leading to more errors in later planning decisions.

2.3.2 Tolerance Allocation Methods (Tolerance Synthesis)

Tolerance synthesis has been the topic of many research publications. It is a method
to assign tolerance to each dimension so that the desired quality characteristics of the
assembled product are achieved while the manufacturing cost is minimized. In this
review, the existing tolerance synthesis models are classified into two categories:
optimization and robust design methods.

Most of the reported approaches, i.e., Zhang and Wang (1993), Diplaris and
Sfantsikopoulos (2000), in this direction are based on the optimization of the cost-
tolerance function. They usually attempt to optimize the tolerances based on
manufacturing cost as a function of tolerances. Other factors are not considered. As early
as in 1970s, Speckhart (1972) and Spotts (1973) started using the cost-tolerance functions
to solve the tolerance allocation problem. Later, many researchers developed
optimization models to deal with the tolerance allocation problem. For example, Ostwald
and Huang (1977) proposed a zero-one linear programming method to allocate tolerances
to a series of dimensions, and suggested the Balas 0-1 algorithm to solve large-scale
design problems. It should be noted that a single cost-tolerance curve has assumed to
describe the relationship between the total machining cost and design tolerance in the
abovementioned studies. In other words, they just considered only one process or a
combined process.

A more practical cost-tolerance modelling method was proposed by Zhang and

Wang (1993) to simultaneously optimize design and machining tolerances for an
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assembly. In this study, a number of machining processes in a feasible sequence were
predefined to machine a surface feature to meet its speciﬁcation. A different cost-
tolerance curve was employed for each machining process. The problem was formulated
as a non-linear model and solved using a simulated annealing algorithm.

Inspired by the above works, many researchers have recently attempted to assign
the optimal component tolerance, and determine the optimal process and/or their
sequences simultaneously. The representative studies include the work by Zhang and
Wang (1993a, b), Ming and Mak (2001), and Yeo et al. (1996).

Robust design is another approach for tolerance allocation. In this case, the quality
value (quality characteristic) of a product/process that is insensitive to process variation is
selected. The variation of quality value can be reduced by two procedures: parameter
design and tolerance design. The cost-tolerance functions and Taguchi’s loss function are
broadly used in most applications of quality engineering to tolerance synthesis. For
example, Feng and Kusiak (1997) solved the tolerance allocation problem by optimizing
the manufacturing cost in addition to the quality cost subject to a tolerance stackup and
other constraints. In addition, other approaches, such as the design of experiment (DOE)
(Feng and Kusiak, 2000), and the response surface methodology (RSM) (Jordaan and

Ungerer, 2002), have also been applied.

2.3.3 Tolerance Design and Process Setting

As stated earlier, tolerance design is an essential part of design and manufacturing.
Integration of tolerance design and process setting has been recognized as the key to
achieving low cost and high quality. Tolerance related process setting parameters,
including process mean and process tolerance, have been chosen by many researchers as
the variables for quality improvement and cost reduction. In many existing publications,

it is usually assumed that the process mean and process tolerance are equal to the design
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target and the design tolerance, respectively (e.g. Feng and Kusiak, 1997). The design
problem is simply to find the optimal tolerance to minimize cost and improve quality.
However, in many cases, as the process mean may shift from the design target, this will
reduce the range of process variation due to the tight design tolerance limits. In addition,
Li (2000, 2001) pointed out that, when unbalanced tolerance design is applied, the
process mean should be drifted away from the target value and be set at the optimal point
to minimize the expected loss of quality.

Furthermore, Wen and Mergen proposed a method for setting the optimum process
mean when a process is not capable of meeting specifications in the short term. Chen et
al. (2002) modified Wen and Mergen’s cost model to take into account the linear and
quadratic asymmetrical quality loss of a product within specification for determining the
optimum process mean.

Besides above efforts, an approach for integrating the product and process design
was developed by Jeang (2002). Through the integration, the optimal process mean and
process tolerance were determined to meet a specified design target and design tolerance
with the possibility for further quality improvement and cost reduction.

It should be pointed out that, although the initial intention of the above-mentioned
studies was to simultaneously determine the design target, design tolerance, optimal
process mean and process tolerance, in fact only the optimal process mean and process
tolerance were determined. The other values were pre-specified. All these studies focused
on the single process problems and the results may not be directly applied to multiple
process problems.

The above literature review on tolerance design indicates that the existing
approaches suffer from at least one of the following shortcomings:

1) Large decision errors due to the use of cost-tolerance functions.

2) Lack of methodologies to optimize process mean.
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3) Neglect of the interactions between tolerance and other factors such as
machining parameters and their combined effect on cost and quality.

4) Lack of approaches to handle multiple process problems.

In view of the above, a more comprehensive approach free from all of these

deficiencies needs to be developed.

2.4 Motivation

Process selection identifies the optimal set of machining processes to machine a
part. Machining parameter selection determines all the machining parameters for all the
chosen processes. Tolerance design specifies the process mean, process tolerance and
design tolerance for the each part feature. All the planning parameters are closely related.
The above literature review reveals that the process selection, machining parameter
optimization and tolerance design are mostly carried out separately, thereby causing
inconsistent and conflicting decisions. Therefore, it is highly desirable to develop a
model and solution method capable of obtaining all the planning parameters
simultaneously. This thesis will be directed toward the development of an integrated

approach to solve the three problems jointly to enhance decision quality and coherency.
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Chapter 3
Cost Analysis and Model

Development

In this chapter, several major cost elements are analyzed. Integrated models for
both single component single part feature and multiple components multiple part features
(it will be called product assembly hereafter to simplify discussion) are then formulated
based on the cost analysis. The models incorporated not only tangible cost elements but

intangible cost as well. The details are described in the following sections.

3.1 Cost Analysis

As mentioned in Chapter 1, one of the criteria is the tangible cost, i.e., the expected

unit cost consisting of raw material cost, operation cost, tool cost, tool replacement cost,
inspection cost, and quality loss. The machining cost and quality loss are analyzed in the

next two sections and the other cost components are directly included in section 3.1.3.

3.1.1 Machining Cost

The unit machining cost for any of the machining processes shown in Fig. 1.2 and
Fig. 1.3 contains three cost components, i.e., operation cost, tool replacement cost and

tool cost, and can be expressed in the following general form

T,
C,=CoT; +(C,+C,T) 25 (3.1)

15)
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where j indicates a particular process (milling, turning, grinding, drilling, boring or
reaming), C,. the machining operation cost, T, tool replacement time, 7, machining
time, 7;, tool life, C,; and C, tool replacement and tool costs respectively. It should be

noted that other costs independent of machining time and machining parameters are not
included in the above equation. The detailed analyses for different processes are

presented in the following.

3.1.1.1 Milling Cost

End milling is the main focus in this thesis (Fig. 3.1). The following equations can
also be used for other milling processes such as face milling with minor modifications.
The rough milling process may require several passes in order to remove a large volume

of material. The unit machining cost of a milling pass s is

TM:

Ths

Cote =Coas e +(Coy +C o Ty)

A

(3.2)

aD.(L+e)

with machining time 7, =
1000N v, £,

(Rao and Hati, 1978), and tool-life of an end

K,n D2

Wi o . .
N NSM') . Substituting T,,, and 7, expressions
Ms “Ms JMs e t

milling cutter T}, =(

into Eq. (3.2), we obtain
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— C. +(C. +C. .t Ms “Ms JMs e ! M 33
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where, e=1, +1,, and [, =Jd, (D, —d,,) (Zhao, 1992)

Workpiece End milling Cuter

‘fM

Figure 3.1. Schematic diagram of end milling process
(* note: n is the rotational speed of the cutting tool - RPM)

To simplify the analysis, we assume that the same cutting speed, feed rate and depth

of cut are used for all the S rough milling passes and they are denoted as vg,,, f, and

d,,, respectively. Therefore, the total cost of the rough milling process is

_ SzD.(L+e)
B 1000N vy, fror

Use AN £Z00 AVrar AT S,
Ve Ay S 4,27 N

Kepir ) 00

(Coas +(Cps +Cpptp X

The machining cost for finish milling can be calculated using Eq. (3.3) by simply

dropping subscript s.
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3.1.1.2 Turning Cost

Like milling process, the rough turning process may require several passes in order

to remove a large volume of material (Fig 3.2). The unit machining cost of a turning pass

nis

I,

G

n

= CmTy;‘n +(Cﬂ' +CrTTrT)

LTn

D, L B,

. .. . T. =-"Tnt” Adifely, =—————
with machining time Ty, 1000w, /.. and tool-life {17, v o f Pd e

and T;;, expressions into Eq. (3.2), we obtain

— ”Dn—lL (BTCMT

ar—1 £Br-1 37
= +Vir S dpr (Cp +C i T,
n IOOOBT VT"f;-” Tn Tn Tn( T T ﬂ‘))

Workpiece N

Cutter ..

Figure 3.2. Schematic diagram of turning process

(3.5)

Substituting 77,

(3.6)

(* note: n is the rotational speed of the cutting tool - RPM)
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To simplify the analysis, we assume that the same cutting speed, feed rate and

depth of cut are used for all the N rough turning passes and they are denoted as Vgr, frr

and dp; respectively. Therefore, the total cost of the rough turning process is

=L _ B,C,; -1 £ Br-1 &
= o —drr(C,.+C.T D 3.7
RT ].OOOBT (VRTfRT RT RT RT( T T5rT )); n-] ( )
where
N-1
D,_, =D, ‘szm n=1..,N) (3.8)
n=1

N
> D,,=D,+D +D,+..+D,
n=1
= ND, - N(N -1)d,, (3.9)

Substituting Eq. (3.9) into Eq. (3.7), the total machining cost for the N rough turning

passes of a component can be expressed as

zL B,C,,

T~ 10008, (vRT Sar

+vp fE A (Cp +C T ))(NDy = N(N = 1)d,,)  (3.10)

The machining cost for finish turning can be calculated using Eq. (3.5) by simply

dropping subscript 7.

3.1.1.3 Grinding Cost

Based on Eq. (3.1), the unit grinding cost can be written as
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Cy=C,.T, +(Cy +cﬁTm)-T@— | 3.11)

LG
where C, . is the grinding operation cost, 7; is the grinding time, 7, the grinding wheel
life, C,; the grinding wheel dressing cost, and C, the wheel replacement cost. As

compared to the turning operations, grinding is much more complex and requires more
detailed analysis.

In this thesis, we consider only traverse cylindrical grinding (Fig. 3.3). The grinding
time for workpiece with diameter D, and length L is T, = Vol (volume removed)
/MRR (material remove rate). The material removal rate for cylindrical grinding is
MRR =1000- f,;-d,; -v,, (Capello and Semeraro, 2002), with f; being the grinding

feedrate, d,; grinding depth, and v, surface speed of the rotating workpiece. Because
D,,>>d;, the volume removed can be approximated by Vol = zD, d,L . Therefore, the
grinding time is

Vol nD, L

T, = = 3.12
¢ MRR  1000v, f (3.12)

Grinding is a machining process which utilizes a grinding wheel consisting of
abrasive grains held together with a binder material. The actual cutting points on abrasive
grains at the wheel surface are micro-cutting tools which interact with the workpiece.
Except for some heavy-duty and cut-off operations, the grinding wheel topography and
the macroscopic wheel shape are initially generated by a dressing process prior to

grinding or periodically between grinding operations. Therefore, the grinding wheel life

T, is defined as the grinding time between two dressing processes. A comprehensive

29



grinding wheel life equation incorporating wheel speed, workpiece speed and grinding

depth is suggested by Shirai (1982) and adopted in this study:

Workpiece
Grinding wheel

(a)

Workpiece Grinding wheel

VGw

(®)

Figure 3.3. Illustration of the external cylindrical grinding process
(a) and the internal cylindrical grinding process (b)
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T, =205 Yoy y (.13)

KGvadG vadG ‘
where K; and 4 are constants, v, the surface speed of the grinding wheel, and D; the
diameter of the grinding wheel. Generally, if the diameter of grinding grit is less than 4,

the wheel should be dressed. 4 is normally set to 50% of the dressing depth d, (Xiao and

Malkin, 1996).
Substituting Egs. (3.12) and (3.13) into Eq. (3.11), the unit grinding cost is

=C,
¢ T%"1000v,, f;

ag+l ag
”DGWI' + Cd KGLDGde va (3 . 14)
1000 4D, f,,v,,*

where D;, =D; +2d; for external grinding, and D;, =D; —2d;; for internal grinding,

and D; is the work (or hole) diameter after grinding.

3.1.1.4 Drilling Cost

The unit drilling cost also consists of three major components, i.e., operation cost,

tool replacement cost and tool cost and is written as

Cp =CopTp +(Cp "'CrDTrD)i (3.15)
TLD
. . . KDngm' W, .y . .
where the tool-life is given as 7;, = (W) ' (Meng, 1996) and the drilling time is
D D
nD,L . . . . e L
p =————— with D, being the hole diameter (Fig 3.4a). Substituting 7;, and 7,
1000v,, £,

expressions into Eq. (3.15) leads to
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3.1.1.5 Boring Cost

Because the mechanism of a boring process (Fig 3.4b) is similar to that of a turning

process, the same tool-life equation can be used with modified notations

Ty = (a2 Y (.17)

Usr JYsr £ Zsr
Ve dy" fp

The machining time can also be calculated similarly and hence the machining cost

for a boring process is

U‘ T er Z”
DAL (0 +(Cot CoT, )l Se ™

- War 3.18
?1000v, £, K, ™) (3.18)

3.1.1.6 Reaming Cost

The tool life equation for reaming is (Meng, 1996)

KR T Dl{ il )er

T, =( (3.19)
LR vgkr d; f 1 fRan

where Dy is the diameter of the reaming tool (Fig 3.4c). The machining cost for a

reaming process is therefore
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Workpiece

: Drilling tool

| ___— Workpiece

Workpiece

Reaming tool

©

Figure 3.4. Schematic diagram of drilling (a) boring (b) and reaming (c) processes
(* note: n is the rotational speed of the cutting tool - RPM)
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3.1.2 Quality loss

Quality loss is the cost (such as maintenance cost, lost use because of malﬁinction,
pollution, etc.) incurred after product release due to the deviation of a quality
characteristic from its target value. In this study, the asymmetric loss function is
employed since the rework cost and scrap cost are not necessarily identical. According to
Taguchi et al. (1989), the quality loss function can be expressed as a quadratic function
of the quality deviation from the target dimension. If the quality loss is different in both

directions around the target, the quality loss function for the asymmetric case is

LX) = K, (x-D)* (x<D)
(X)= (3.21)
K,(x-Dy (x2D)

where 7, and T, are respectively the lower and upper tolerance limits, x the quality

i : Cs Cr
characteristic of the product, and D the quality target value, K, = T and K, = T2 for
L U
. « . CR CS
external rotational and planar surfaces machining, and K == and K,=— for
I I

internal rotational surface machining.
The loss function is used only for the finish machining stage. For the other

machining stages, there will be no loss function applied if the dimension falls within the
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process tolerance range and the cost will be Cy or C; if the dimension is below or above

the process tolerance limits. These scenarios are shown in Fig. 3.5.

S (),
L(x)

Csor Cr

J(x), A Lx) =K, (x-DY L) =K, (x-DY
L(x)

(b)

Figure 3.5. Scrap cost, rework cost and quality loss for (a)
non-finish stages (1<i <I), (b) finish stage (i =1)

3.1.3 Expected Unit Cost

Expected unit cost will be estimated in this section for external, internal rotational
surfaces, and planar surfaces based on the following assumptions.
a) There are / manufacturing stages and J available machining processes for

machining a type of components. Only one process is selected in each stage.
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b) 100% inspection will be performed after each manufacturing stage.

c) For external rotational surface and planar surface machining, the machined
components with dimensions above the specification will be reworked and
those with dimensions below the specification will be scrapped. For internal
rotational surface machining, the surface will be re-machined if its
dimension is below the specification and scrapped if above the
specification.

d) All the reworked components conform to specification.

€) Only the conforming components can be sent to next manufacturing stage.

f) Dimension measurement x of the machined components follows a normal
distribution with known process mean and process variance.

The expected unit costs in different stages are analyzed in next section.

3.1.3.1 Expected unit cost after stage (i=1)

If process j (j =1, ..., J) in stage 1 is selected, all the raw materials are machined to

their working dimension D,; with tolerance f, by process j of stage 1. All the

machined components are inspected and classified into three groups: a) those conforming

to the specification (D ;-#,<x<D;+t,), b) those above the specification
(x2D,; +t,;) and c) those below the specification (x <D, ~). The cost analysis is

given below for each of the three groups of the components.

a) When D,,~1,, <x<D +t,;

When the dimension measurement x of the finished part falls into an acceptable

range, its manufacturing cost is the sum of unit material cost C,, unit machining cost
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C,;, and unit inspection cost C,,.. Hence, the unit cost of a conforming component that

has been machined by process j in stage 1 is

2 Dy ;+4
CMCIj = J.Duj_t” C, + Clj +CA|j)f(x)dx + IDUI ! ¢, + Clj +CA1j)f(x)dx (3.22)

b) When x ZDU. +t1}'

For external rotational and planar surfaces machining, if the dimension of a
component falls above the specification, it needs to be reworked. In this case, the unit

cost is

CMRU‘ = "‘l:*‘u (o +Clj +CAlj +ij)f(x)‘bc (3.23)

Here, we assume that the component can be reworked by process j with machining cost

C ;» and needs to be inspected after rework. Therefore, the rework cost is

ij =Clj +C,

-
For internal rotational surface machining, if the dimension of finished component

falls above the specification, it needs to be scraped and the unit cost is

Cusi; = J'*“’ Cs; S (x)dx (3.24)

Dyt

where the unit scrap cost is the sum of unit material cost C,, unit machining cost C,;,

and unit inspection cost C,,,;, and is written as Cy,, =C, +C,,; +C,

15> 15

C) When XSD”—’U
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For external rotational and planar surfaces machining, when the dimension of a part
falls below the lower limits, it will be scraped. As mentioned before, scrap cost is given

by Cy,; =Cy +C,; +C,,;. Hence the unit cost is

Crsij =I_L:rtu (Cy +C; +Cy )f (x)ax (3.25)

For internal rotational surface machining, when the dimension of finished

component falls below the specification, it has to be reworked and the unit cost is

Dyt
Comi; = J'

—o0

(Cy +2C,; +2C ;) f (x)dx (3.26)

d) The expected unit cost of per acceptable component
For external rotational and planar surfaces machining, the expected unit cost is
obtained by combining Egs. (3.22), (3.33) and (3.35) with Egs. (A.1) to (A.3) of

Appendix A as follows:

Cant; =Cuier; +Comi; +Coj =Cy +C,, Q= B(Zyy N +Cpp,2-D(Z,,,))  (3.2T)

Similarly, for internal rotational surface machining, we can obtain the expected unit cost

by summing up Eqgs. (3.22), (3.34), (3.36), (A.4) to (A.7):

Canty = Cricr; +Cor; +Coasty =Co +C,, A+ O(Z, N+C,,(1+D(Z,,))  (3.28)

Because all the un-repairable components are scrapped and all the reworked components

conform to the specification, the fraction of conforming components that enter the next
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manufacturing stage is 1-®(Z,, ) after an external or planar surface machining process
or ©(Z,,;) after an internal rotational surface machining process. The expected unit cost
per acceptable component after process j of the first stage is therefore:

For external rotational or planar surface machining:

_ CU + (2 - (D(Z2lj ))Clj + (2 - q)(z2lj ))CAlj

Copn, = 3.29
0 1-®(Z,,) ¢2)
For internal rotational surface machining:

Q(ZZI]')

3.1.3.2 The Expected unit cost after process j of an intermediate stage
(1 <i<lI )
The expected unit cost per acceptable component after process j of an intermediate

stage i, C,,, is a sum of the cost incurred in the current process and the cost of all the

previously selected processes. Hence, it is written as in an accumulative format by

J
substituting C;, with > m,,_, Cp,i.yy; in Egs. (3.29) and (3.30):
=]

For external rotational or planar surface machining:

J
Z m(i—l) jCUM(i—l) j + (2 - (D(Zzij ))Cu + (2 - (D(Z2ij ))CAij

=42 3.31
Consy —o@,) (331
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For internal rotational surface machining:

J
Z:‘m(,._,) Corny; + A+ P(Z,))C; + 1+ D(Z,,)C,,;

Congi ==
o D(Z,)

(3.32)

3.1.3.3 The Expected unit cost after process j of the last stage (i=1)

After finishing the last stage I, all components are again classified into three

groups: the components that conform to the design specification (D -7, <x<D+17y),
those above the design specification (x>D+7,), and those below the design
specification (x < D-T,). The asymmetric design tolerance is used in this case. For the
symmetric design tolerance case, 7, and T, can be simply replaced with T'. The

expected unit cost per acceptable component after stage / is calculated as follows

For external rotational or planar surface machining:

J
21y Conrn; + Q= PZ)C; + (2= (2 ))C y + Ec (LX),

C,, =X 3.33
UMy 1-9(Z,,) (3.33)

For internal rotational surface machining:

J
Z my_yConrgony,; +A+ O(Z,)C,; +(1+D(Z,, NCy +E(L(x)),

C. = J=1 3.34
UMy >Zy) (3.34)
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3.2 Model Formulation

In the above cost analysis, processes, machining parameters and tolerance limits
have all been included to explicitly consider their mutual effects on tangible costs.
Minimizing the expected unit cost will provide outputs for process, machining parameters
and tolerance decisions. However, the intangible cost due to tight tolerance has not been
taken into account. To alleviate the cost burden due to the tight tolerance, we suggest that
the tolerance allocated to each chosen process be increased or relaxed as much as
possible so as to reduce the intangible cost to the minimum. However, simply
maximizing tolerance will increase quality loss, and then lead to a large increase in the
tangible cost, i.e., the expected unit cost. For this reason, a bi-criterion model is proposed

which will be applied to both models presented in next two sub-sections.

3.2.1 The single component single part feature case (Model 1)
A surface feature needs to go through several processes to meet its specification

requirement. We consider its tangible cost (Cy,,, the expected unit cost after process j of

the last stage /) and intangible cost as two objectives to be minimized. It should be
pointed out that the latter is implemented by maximizing the sum of the tolerances of

those surfaces created by intermediate manufacturing processes f,. A number of

constraints such as the relationship between two adjacent processes, the physical
constraints of cutting power, cutting force, and surface finish, and total depth of cut

requirement are considered in the model. The model is given as follows:

Model 1
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J
Min sum _cost = ZijCUMIj : (3.35)

=

Min sum_tol = ZZ " (3.36)

i=l j=1

Subject to

(al) Machining process selection constraints

> m; =1 Vi (3.37)

(b1) Design specification

J
D-T, <3 m,(D,+1,)<D+T, (3.38)

J=

(c1) Dimension allowances

For external rotational surface machining:

J J
d, <. m_,D.,,~> mD, (Zm_,l ,_,J+Z mt)/2<d; i=2,.,1 (3.39)
j=l J=

For internal rotational surface machining:

J
d; <O m.D, Zm, ) ,_,1_(Zm_,1,,1+z mig)/2<dy i=2,.,1 (3.40)
j=1

j=1

For planar surface machining:

J
d,.’jsz;m,.j +(Zm_|“_” Z ) i=2,.,1 (341)
pe

42



(d1) Total depth of cut

For external rotational surface machining:

J 1 J
> myD, +2>"> m.d, +2mNd, =D, (3.42)
=)

i=2 j=

For internal rotational surface machining:

1 J J
D, +23 3 md; =3 m,D, (3.43)
J=1

i=2 j=2
For planar surface machining;

ij

1 J
>y mdy +m Sd, = d,, (3.44)

(e1) Consistency of workpiece or hole diameters between consecutive processes

For external rotational surface machining:
J

J
> m_.D,_, =Zlm"'(D"' +2d,) i=2,.,01  (3.45)
=

J=

For internal rotational surface machining;

J J
> m_.D,,;=> m(D,-2d,) i=2..,1 (3.46)

= j=

(f1) Process capability constraints

£<t <t {i,jlm =1}  (3.47)

jy = =%
(g1) Product quality requirements
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®(Z,,)-0(Z,)21-a {jlm;=1}  (3.48)

(h1) Restriction of machining parameters

Vi<, <o {i, jlm, =1} (3.49)
fl<f<f {i,jlm, =1} (3.50)
d <d,<d {i,j1m, =1} (3.51)

(i1) Constraints of cutting force, power and surface roughness for milling (Zhao,

1992)
Ky D5ty oo f Fiog Kusd N < P {i, jlm, = 1} (3.52)

if

Fv . . .
From P= SOE we can obtain cutting force constraint

Ky DRy o f Kureg Kuwsd NE<F, {i,jlm =1} (3.53)

(j1) Constraints of cutting force, power and surface roughness for turning and

boring (Meng, 1996)

BV flrd)* <F,,,, {i,jlm,=1} (3.54)
BV flrdl* <P, {i,jlm;=1}  (3.5%)
Byr"BHNva f# <R, .. {i,jlm,=1} (3.56)

(k1) Constraints of cutting force, power, and surface roughness for grinding

(Meng, 1996, and Malkin, 1989)

Kop O, £, kopahoray Voy SFuw;  {idlmy =1} (3.57)
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Ko, 0, £,8,) " s Kopa; < P {i, jlm;=1}  (3.58)

Vog

K
d R3j
e T IR e

(11) Constraints of thrust force of drilling and reaming processes (Zhao, 1992)

KD "d " £’ <F,,, {i.jlm;=1}  (3.60)

(m1) Constraints of torque of drilling and reaming processes (Zhao, 1992)

KD, d ™ 7 <M., {i.jlm,=1}  (3.61)

(n1) Constraints of power of drilling and reaming processes (Zhao, 1992)

FM, /K, <P, {i,jlm;=1} (3.62)

The process selection, machining parameter selection and tolerance design
decisions can be made simultaneously based on the solution of the above bi-criterion
model. Constraint (al) specifies that exactly one process is selected for each
manufacturing stage. Constraint (b1) ensures that the resultant deviation of dimensions
and tolerances are within design specifications. Constraint (c1) limits the machining
allowances to permissible stock removal ranges of the selected process. Constraint (d1)
states that the final diameter and total depth of cut should add up to the original
workpiece diameter. The diameter consistency between consecutive processes was
guaranteed by constraint (e1). Constraint (f1) ensures that the selected tolerance will not
exceed the process capability. It is also necessary to meet the requirement of the specified
percentage of acceptable components coming off the last process. This is imposed by

constraint (g1). The machining parameter selection ranges are specified using constraint
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(h1). The cutting force, power, and surface quality restrictions for various processes are

written as constraints (i1) to (n1). In constraints (k1), the value of R, can be identified or
estimated from the measured roughness, d, is the dressing depth, S, is the dressing lead

for single point diamond dressing, and typically K., ~0.5.

3.2.2 The assembled product case (Model 2)

This sub-section presents a model for an assembly which involves several
components. In this case, the distribution of the specified assembly tolerance among
different components will also be considered.

We consider an assembly with H part features to meet requirement of ( quality
characteristics. Since there are multiple features, the sum of the tangible cost and
intangible cost of these features in the assembly are used as the two objectives to be

optimized. The latter is achieved by maximizing the sum of the all H part features’
process tolerances /,;. In addition to the constraints used in Model 1, the worst case

(WC) and root sum square tolerance (RSS) stackup constraints are also used to deal with
the tolerance distribution problem. The proposed model for the assembled product case

can be formulated as follows:

Model 2

H Jy
Min Sum _cost, =Y > my Cup; (3.63)
Bl gl
H 1y Jy
Max Sum _tol, =3 > my,t,, (3.64)
Bl =l j=1
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Subject to

(a2) Machining process selection constraints

Jy
2 my; =1 Vh,i
j=l
(b2) Design target constraints
Jy .
> my, D, =D, Vh,i
j=1

(c2) Dimension allowances

For external rotational machining
, Iy I In Iy
dy; < (Z My ;Dyy; = Z my; D, + (Z My ity + Z my b))/ 2 < dy;
Jj=1 j=l J=1 J=1
i=2,.,1, Vh
For internal rotational machining
. Jy Jy Jn Jy
dy, < (Z my; D, — Z My Dy, £ (Z My iy + Z my 1))/ 2 < d,;
J=1 j=l j=l j=
i=2,..,1, Vh

For planar surface machining

Ja Jh In
1 u s
d,; < E my.d,. +(Q my by + E myt)<dy i=2,..I, Vh
i= = 5=

(d2) Total depth of cut

For external rotational surface machining

Jy 1, J,
Z]mh'» Dy, + 22 Z]m""fd’"'f +2m,, N,d,,, =Dy, Vh
J= i=2 j=
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(3.67)

(3.68)
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For internal rotational surface machining

I, J4 Jy
Dy, 222> mydy, => my, D, vh  (3.71)
i=2 j=2 Jj=1

For planar surface machining

Iy Jy

Z Z mhijdhzj +m,,,S,dy, =dp,, Vh (3.72)

i=2 j=1

(e2) Consistency of workpiece dimensions between consecutive processes

For external rotational surface machining
J, Jy
> my_ Dy ;=D my; (D, +24d,,;) i=2.,1, (3.73)
j= j=

For internal rotational surface machining
J Ja
S My Dysy = D My Dy —2d,) i=2,.,1, (3.74)
Jj=1 J=1

For planar surface machining

Jh In
S M\ Dyt = > my, (D, +d,,) i=2,..,1, (375
j=l 7=

(f2) Process capability constraints

thi Sty St {h,i,j|m,,,.j =1} (3.76)

(g2) Product quality requirements

(D(sz,,j)_(b(zw,,j)ZI"a;, {jlmh,hj =1} 3.77)
(h2) Restriction of machining parameters
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. . 3.78
v}Inj SV SV {h,’,J | m,,; = l} ( )
Sl € foy S S {ni, jim, =1} (3.79)
dy, <d,; <dj, {ni, j\m,; =1} (3.80)

(i2) Constraints of cutting force, power, and surface roughness for milling

Kyp D v, B f e dy B d N, < B, {hi, j1m,; =1} (3.81)

Ky D Svy, foos f Kuang Kwsg NE<F, - {hi jim, =1} (3.82)

(i2) Constraints of cutting force, power, and surface roughness fro turning and

boring
BV flrdyr <F,.. {ni,jim, =1} (3.83)
B flrdyr <P, {nijim, =1} (3.84)
B r"BHNVE ff* <R, 1 {ni, jlm, =1} (3.85)

(k2) Constraints of cutting force, power, and surface roughness for grinding

Kor B0y fs@i) ™ hopyhor; 1Yoy S Fom, i jlmy, =1} (3.86)

Km0 @) Keps Koy < P, {ni,jlm, =1} (3.87)
d Kuj
v,.d,.
R s, ™vd (%} <R, {ni, jim, =1} (3.88)
Gy

(12) Constraints of thrust force of drilling and reaming processes

KD, "d, ™ £,.7" <Fpu {ni, jim, =1} (3.89)
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(m2) Constraints of torque of drilling and reaming processes

K, D, d, ™ £, <M., {ni, jim, =1} (3.90)

(n2) Constraints of power of drilling and reaming processes

FuM,. /1 Koy S Povs {ni, jlm,; =1} (3.91)

(02) Design tolerance constraints

)
T,=Y my b Vh (3.92)
j=1

(p2) Tolerance stackup constraints
For the worst case (WC) constraint

i

h=1

2f
oD,

7},]3 T, Vq (3.93)

For the root sum square (RSS) constraint

i[(gg ] 7},2] <7, Vq (3.94)

h=1

The process selection, machining parameter selection and tolerance design and
distribution decisions for the assembled product case can be made simultaneously based
on the solution of the above Model 2. Constraints (a2) to (n2) impose restrictions similar

to those specified by constraints (al) through (n1) in Model 1. The new constraint (02)

requires that the design tolerance 7, of part feature h be equal to its last process
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tolerance?,, . Constraint (p2) ensures that the cumulative tolerance of components for a

quality characteristic does not exceed the associated design tolerance. It should be noted

that only one of the two tolerance stackup constraints is to be used depending on the

situation.
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Chapter 4

Solution Procedure and Examples

This chapter consists of two sections. The first section illustrates the solution
procedure of Model 1 developed in Chapter 3. Two examples are given and solved to
illustrate the application of the Model 1 for two types of surface features (external and
internal rotational surfaces) respectively. Two classical examples taken from existing
publications are used in the second section for Model 2. The first example contains a
single quality characteristic and the second is a multi-quality-characteristic problem.

Three types of surface features are involved in the two examples.

4.1 Examples for model 1

Figure 4.1 shows a shaft and a hole. The specified diameter of the shaft and the

+0.019
6 0

diameter of the hole are respectively 50.8730% mm and 50.856 )y, mm. Four external

machining stages are needed for the shaft. The first stage contains several rough turning
passes and the other three stages require only one pass. The associated machining stages

and processes are listed in Table 4.1a.

Table 4.1a: Machining stages and processes for the shaft

Machining processes Machining process

Jj =1 turning pass j =2 grinding pass
i=1 Primary N rough turning passes
i=2 Rough Finish turning
i=3 Semi-finish Rough grinding
i=4 Finish Finish grinding
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A finished shaft
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(a) A rotational stock and a finished shaft

A finished hole

y
50.856 ‘o007

!

A rotational stock

(b) A rotational stock and a finished hole

Figure 4.1. Transformation of stocks to finished parts
(Note: all dimensions are in mm)

The internal surface machining of the hole is also to be carried out in four stages.
There are two alternative processes for stage 3 and three alternatives for stage 4. The

machining stages and processes are shown in Table 4.1b.

Table 4.1 b: Machining stages and processes for the hole

Machining stage Machining process
Jj =1 drilling J =2 boring j=3 reaming |j=4 grinding
i =1 Primary Drilling
i=2 Rough Rough boring
i =3 Semi-finish Semi-finish boring|Semi-finish reaming
i =4 Finish Finish boring Finish reaming Grinding
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4.1.1 Example 1: the shaft (external rotational surface machining)

The diameter and length of the initial stock are 68mm and 60mm, respectively. The
diameter of the shaft is to be machined to 50.8mm at a length of 60mm. The tolerance

level is specified as 7, =0.017 mm and 7, =0.007 mm. The cast iron shaft is first to be

turned using carbide tools from a rotational stock. The traverse cylindrical grinding is
then performed in this example. A silicon carbide grinding wheel (37C46-L-VK) is
chosen from the Industrial Catalogue of Norton Ltd for grinding the cast iron shaft. The
grinding wheel is 25.4 mm wide with grit of diameter 0.35 mm (grit size 46) and the
maximum grinding wheel surface speed is 2040 m/min. The single-point diamond dresser
is used in this example. The parameters in the tool life, surface roughness, cutting force,

cutting power equations and other input data are given in Table 4.2.

Table 4.2. Input data for shaft machining

Parameter Value
Unit raw material cost C,, $10
Process capability index C,,,,C,,,,C,3,,C,s 1.2,1.1,1.0,0.85
Percentage of allowable rejected components & {5.3%
Unit inspection cost C ,,,C ,5),C 15, C pr $1.0,81.5, $2.0, $2.5

Operation cost of C $1/min, $5/min

ml> ™~ m2
Tool replacement cost and time C,,, C,;; 7,,, 7, | $1/min, $1/min; 1 min, 1 min
Tool cost C,,, C,, $3/edge, $10/dressing
Grinding wheel diameter D, 355.6 mm (14”)
Grinding wheel surface speed v, 1800 m min™
Dressing depth d; 0.02 mm
Dressing lead s; 0.15 mm/rev
Cutting speed limits v],, V¥, ,v},, v}, 50, 130, 140, 200, 10, 25, 20, 40

1 m/min

! u u
Vi3, V32, V425 Ve,

L u § u u -1
Feed rate limits £!, £, fh, fo, fi, fo, fi, fa 10.3,1.0,0.1,0.4,6,12, 1, 6 mm rev

Depth of cut limits d,,d},,d., ,d5, 1.5,5.0,0.5, 1.5, 0.05, 0.5, 0.005,

u 1 u
32> d32 ’ d42 b d42
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Machine tool efficiency £

75 %

Constants for turning tool life a,, B;,7;,B;

5.0, 2.0, 0.75, 847288609443

Constants for grinding wheel life K;,a;, 4

2.4,02,0.01 mm

Constants for turning forcea,, f,7 . By

0,0.75,1.0,0.9

Constants for grinding force
KGFI’KGFZ’KGF3 ’KGF4’

86.4,0.7,08, 1.05

Constants for turning surface roughness
BHN,r,ay, Br,7rs1,0,By

195, 1, -1.52,1.004,0,-0.714,
-0.323,122

Constants for grinding surface roughness
RS’KR] ’KRZ ’KR3

0.2,0.5,0.25,0.5

Constants for turning powera,, B,,¥ p,Bp

1.0,0.75, 1, 0.02

Constants for grinding power
KGPl ’ KGPZ > KGP3’ KGP4

144,0.7,038, 1.05

Maximum force, power F,

max1>* max2>“ maxi>

Frs Pt P

4. 5kN, 1.5 kN, 10 kW, 12 kW

R

amax32?

R

‘amax 42

Surface roughness R

amax21

0.0032, 0.0025, 0.00125 mm

L ! u 4l u 1 u 1 u
Tolerance limits ?,,,1),,1,,, 85,8558, 00 L

0.508, 0.127, 0.305, 0.05, 0.076,
0.013, 0.025, 0.005 mm

The bi-criterion model is solved using the modified Chebyshev goal programming

approach (also called fuzzy programming) (Ignizio and Vavalier, 1994) and Lingo

software. The procedure is detailed as follows

Step 1. Formulate the bi-criterion model

2
Min sum_cost= m, Cy,,.

j=l

Max sum _tol = i i mt,

i=l j=1

Subject to: all the constraints (as listed in Modell, Chapter 3)

Step 2. Solve the problem with one objective at a time

Solving Min sum_cost with all the constraints, we obtain

sum _cost, =18.21315  and
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Other outputs are omitted due to space limit. Solving Max sum_tol with all the
constraints, we obtain

sum_cost,’ =23.98925  and  sum_tol," =0.858

The objective values of the above solutions are summarized below:

Min sum cost Max Sum tol Difference
Value of sum cost 18.21315 23.98925 5.77610
Value of sum tol 0.195 0.858 0.663

As we can see, the two objectives conflict with each other. Minimizing sum_cost
leads to a lower sum_tol and maximizing sum_tol causes increase in sum_cost. Neither
situation is desirable particularly when the differences are as substantial as shown in the
above table. This calls for a compromised solution by solving the modified Chebyshev

goal programming problem in the next step.

Step 3. Formulate and solve the modified Chebyshev goal programming problem
Max &
Subject to

o (sum _tol=sum_{0h) _ ¢ 101-0.195)/0.663

~ (sum_tol, — sum _tol})

5< ((s“’" -“"St’_z — sum —“’St’,)) = (23.98925 - sum _cost)/5.77610
sum _cost, —sum _ cosi,

and all the other constraints.

The notion is that the best deviation from the two worst values of two objectives is

obtained by maximizing & . Solving this problem, we obtain
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5 =0.9510511, sum _cost” =18.49588, and sum _fol" =0.826

The unit cost is now $18.50 which is very close to $18.21 obtained by minimizing
cost as the only objective and is substantially lower than $23.99, the cost resulted by
considering the tolerance objective alone. The tolerance objective value is now 0.826,
4.23 times higher than that yielded by considering cost as a single objective and is only
3.73% lower than 0.858, the optimal value obtained by solely maximizing the total

tolerance. The other outputs are summarized in Table 4.3.

Table 4.3. Output of the shaft problem

Parameters Symbols Qutputs
Stage index i 1 2 3 4
Index of the selected process J 1 1 2 2
Number of rough turning N 2
Cutting speed v, 114.50000/200.00000 | 10.70000 | 40.00000
Feed rate Sy 1.000000 | 0.400000 |12.000000| 6.000000
Depth of cut d, 3.737973 | 0.903277 | 0.205777] 0.0144963
Process diameter D, 53.04811 | 51.24155 | 50.83000 | 50.80101
Process tolerance 1 0.50800 | 0.30500 | 0.01300 | 0.00599

'"Note: all the data in this table are obtained directly from Lingo outputs. They have not been rounded since
rounding would cause inaccuracy in the final calculation.

Table 4.3 shows that two rough passes are needed with a depth of cut of 3.738 mm
for each pass, feed rate of 1 mm/rev and cutting speed of 114.5 m/min. For the second
stage, i.e., the finish turning, the cutting speed, feed rate and depth of cut are respectively
200.0 m/min, 0.4 mm/rev., and 0.903 mm. The machining parameters for the rough and
finish grinding processes are also provided in the table. The process means (diameters of

the components) after the four processes are 53.04811 mm, 51.24155 mm, 50.83000 mm,
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and 50.80101 mm respectively. The decision on process tolerances can also be made
simultaneously. The process tolerances for the four processés are respectively 0.50800

mm, 0.30500 mm, 0.01300 mm, and 0.00599 mm.

4.1.2 Example 2: the hole (internal rotational surface machining)

The length and required diameter of the hole are 100 mm and 50.856 mm,
respectively. The material of the rotational stock is cast iron. The diameter of the hole is
machined to 50.856 mm at a length of 100 mm by a combination of drilling, boring,

reaming, and grinding passes. The tolerance level is specified as 7, =0.007 mm and
7, =0.019 mm. Carbide tools are to be used for drilling and boring processes, and high

speed steel tools for reaming the hole.
The cost of a drilling tool is proportioned to its diameter. The costs of solid carbide
tool costs of five different diameters are obtained from (Shunmugam et al., 2000) and

listed in Table 4.4.

Table 4.4. The drilling tool cost data

Tool diameter, Cost C,, ($)
D (mm)
10 438
20 14.42
30 33.6
40 80.36
50 123.62

The data in Table 4.4 are used to obtain following cost-diameter relationship by

curve fitting:

C,(D) = -66.48 +13.467D — 0.8633D* +0.0237D° - 0.000206D* 4.1)
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where C,(D) is the tool cost as a function of tool diameter D.

The internal cylindrical traverse grinding pass is used following the drilling, and
silicon carbide grinding wheel (37C46-L-VK) with grit of size 46 (grit diameter is 0.35
mm) is chosen from the Industrial Catalogue of Norton Ltd. The width of the wheel is 10
mm, and the maximum grinding wheel surface speed is 2700 m/min. The single-point
diamond dresser is used. The grinding force equation, power consumption equation,
surface roughness equation, and grinding wheel life equation are the same as those used
for the shaft example. For drilling, boring, reaming, and grinding processes, the
parameters in the tool life, force, torque, power consumption equations, and other input

data are given in Table 4.5.

Table 4.5: Input data for the hole

Parameters Values

Unit raw material cost C, $10

Process capability index 1.2,1.1,1.0,1.0,0.9,0.9,0.9

C Cp22’ CpBZ’Cp33’Cp42an43st44

pi>

Percentage of allowable rejected components a 5.3%
Inspection cost C,,,C 15, C 123,C a32, C 33> C 25 C pazs C s :1, $1$:5, $1.8,$1.5, $1.9,
1.8, $2
Operation cost of the four processes C,,;,C,,,,C,5,C,4 $2/min, $3/min, $3/min,
$5/min
Tool cost C,,,C,5,C,q $ 7/insert, $282/tool,
$10/dressing

Tool replacement cost and time C,,,C,,,C,;,C,,;
(Y PP R

$1/min, $1/min, $1/min,
$1/min; 1min, Imin, 1min,

v Imin,
Grinding wheel diameter D; 35 mm
Wheel surface speed v, 2400 m min"
Machine tool efficiency £ 75%

H Tt 4 ¥ 4 u 4 u 4
Cutting speed limits v;,, V||, v,,, V55, Vi3, V33, Vi3,

u ! u 1 u 1 u
Vizs Vazs VazsVaz» Vaszs Vass Vau

70, 110, 110, 140, 130, 160,
6, 12, 140, 170, 12, 20, 20,
45 m/min

Feed rate limits ‘f]I], f;']‘, lez, fzuzﬁ f312’ f;;a f313’ f:;;,
1 u u
f42a f4;a f413a Sa» f4’4’ S

0.2,0.6,0.5,1.0,0.1,04,
0.8,2.0,0.06,0.2,0.5,1.0,
2.0, 8.0 mm/rev
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Depth of cut limits d.,, d%,, d.,, di,, d,, dy,, dy,
dy, dy, dis, dy, di,

1.0,6.0,0.1,1.0,0.1, 1,
0.007, 0.1, 0.007, 0.1, 0.005,
0.1 mm

Constants for drilling tool life K;, X;,,Uy,,Z;,Wr,

423,05,1,05,25

Constants for boring tool life K;, X;,,Ur,,Yrs, 272, Wr,

292,0,1,0.15,02, 5

Constants for reaming tool life
KTB.XT3’UTB,YT35‘ZT3’WT3

15.1,02,1,0.1,0.5,3.33

Constants for grinding wheel life K ;,a,;, 4 2.4,0.2, 0.005
Dressing depth dy 0.01 mm

Dressing lead su 0.15 mmrev’
Constants for drilling thrust force K\, Xp,,Yey, Zpy, 418,1.2,0,0.75
Constants for boring cutting force K o, Xy, Y, Zp, 900, 0, 1.0, 0.75
Constants for reaming thrust force K, Xp3,Yp3,Z 54 233,0,1.2,04
Constants for grinding force K., K., Kr3,Kp,, 58.8,0.7,0.8,1.25
Constants for drilling torque K,,,, X3\, 011, Za; 120,2.2,0,0.8

Constants for cutting powera,, B,,¥,,B,

1.0,0.75, 1, 0.02

Constants for grinding powerK,,, K¢py, Kgps, Kgpa

0.98,0.7, 038, 1.25

Constants for reaming torque
KMS,XMB’YMiS’ZMiS (1=2,3)

846, 1, 0.75, 0.8

Constants for drilling and reaming power K, K,

9545513, 9545513

Constants for grinding surface roughness
R3’KR| ’KRZ ’KR3

0.2,0.5,0.25,0.5

Surface roughness R;,,.4

0.00125 mm

Maximum cutting force, power
F o PisFrniss Poz> Fawss Poaxs s Fnax a0 b

max12# max1» max2>* max3>4 max3 > max4>* max4

2000 N, 10 kW, 4.5KkN, 10
kW, 2000 N, 10 kW, 1.5 kN,
12 kW

ol l ] l ] i ] ! § 1
Tolerance limits ¢, 1)}, 1,,, 15, L3y, Ly Lsss Bsss Lags
) 1

t:2 ’143’ t:3’ t44’ t:4

0.178, 0.508, 0.076, 0.305,
0.015, 0.127, 0.014, 0.126,
0.01, 0.07, 0.009, 0.06,
0.008, 0.05 mm

* Note: the drilling tool cost C,, is determined using Eq. (4.1)

This problem is again solved using the modified Chebyshev goal programming

problem as detailed below.

Step 1. Formulated the bi-criterion problem
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4 4
Min sum _cost =) m, Cyyy.;
=

Max sum _tol = i 24: mt,

i=1 j=1

Subject to: all the constraints (as listed in Model 1, Chapter 3)

Solving the problem with one objective at a time yields the following results:

Min sum cost Max sum tol Difference
Value of sum cost | 19.77889 28.78405 9.00516
Value of Sum tol | 0277 0.908 0.631

Step 2. Formulated and solve the modified Chebyshev problem
Max &

Subject to
S <(sum_tol-0.277)/0.631

6 <(28.78405 —sum _cost)/9.00516

and all the other constraints.

Solving this model gives: § = 0.9442014, sum_cost * = 20.28137, and sum_tol *
=0.873. The relative difference between the Chebyshev solution and the single objective
solutions are 2.54% (=|(19.77889-20.28137)/19.77889)) and 3.85% (=|(0.908-

0.873)/0.908|) respectively. The outputs are given in Table 4.6.

Table 4.6. Output of the hole problem

Parameters Symbols Qutputs
Stage index i 1 2 3 4
Index of selected process J 1 2 2 4
Cutting speed v, 74.35692{ 110.00000 | 60.00000{45.00000

0.50748 0.79732 | 0.40000 8.00000

Feed rate , f

<
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Depth of cut d. 0 5.387051 [0.8216045| 0.03489554
Process diameter D 38. 36990 | 49.14400 | 50.78721| 50.85700
Process tolerance t 0.508000| 0.305000 {0.051791 | 0.008000

'Note: all the data in this table are obtained directly from Lingo outputs. They have not been rounded since
rounding would cause inaccuracy in the final calculation.

" The depth of cut the first process is 0 since this is a drilling operation. In this case the diameters of the
hole and the drill bit are the same and so the “depth of cut” is 0.

Now the decisions on process selection, machining parameter selection and process
means and tolerances for all the selected processes can be made simultaneously based on
the outputs. There exist two and three alternative processes for stages 3 and 4
respectively. Table 4.6 shows that semi-finish boring instead of semi-finish reaming is
selected for the semi-finish stage and grinding is chosen from the three alternatives for
the finish stage. The machining parameters are provided for all the selected processes.

The process means and tolerances are also specified for all the selected processes.

4.2 Examples for model 2

4.2.1 Example 3: Single quality characteristic

Suppose that a piston and a cylinder bore in an engine assembly taken from (Zhang
and Wang, 1993) have the following design specifications:

The design dimensions (diameters) for the piston and cylinder bore are: 50.8mm
and 50.856mm, respectively. The length and diameter of the raw stocks of the piston and
cylinder are 100 mm, 70 mm, 60 mm and 68 mm, respectively.

There is one design characteristic and two part feature dimensions for this
assembly. The characteristic Y is the clearance between the piston and cylinder bore (see
Figure 4.2)

The linear design function is
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Y = f(D,,D,)=D,-D, | 4.2)

/\ Piston

o <[] Cylinder
D, +T, Bore

Figure 4.2. Illustration of the Piston-cylinder assembly

The nominal value and tolerance of ¥ are 0.056+0.025mm. The unit material costs
of piston and cylinder are $16 and $32 respectively. The required manufacturing
processes and other input data in this example are the same as used for the shaft and hole

examples in section 4.1.
The solution procedure is as follows:

Step 1. Formulate the bi-criterion model

2 4
Min Sum _cost, = m, Copnss + D .My Conga,
j= J=l

4 2 4 4
Max Sum _tol, = m b+ > m,t,.

i=l j=1 i=1 j=1
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Subject to: all the constraints (as listed in Model 2, Chapter 3)

Solving the problem with one objective at a time yields the following results:

a) the WC constraint in the constraint set (p2) is used

Min sum costy Max sum tol, Difference
Value of sum costy 70.9201 72.91754 1.99744
Value of sum toly 0.472 1.766 1.294

b) the RSS constraint in the constraint set (p2) is used

Min sum costy Max sum tol, Difference
Value of sum costy 70.9201 72. 97039 2.05029
Value of sum tol, 0.472 1.766 1.294

Step 2. Formulate and solve the modified Chebyshev problem
a. The WC constraint
max o
Subject to

0 <(sum_tol,—0.472)/1.294
6 <(72.91754 — sum _cost ;)/1.99744

and all other constraints

Solving this model gives: &=0.8676048, sum_cost, =71.18455, and

sum _tol,” =1.594681. The relative difference between the Chebyshev solution and the
single objective solutions are 0.373% (=|(70.9201-71.18455)/ 70.9201|) and 9.8%
(=](1.766-1.594681)/1.766|) respectively. The outputs of the Chebyshev model are given

in Table 4.7a.
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Table 4.7a. Output of the piston and cylinder assembly problem with the WC constraint

Parameters Symbols Qutputs
Part feature index h 1
Stage index i 1 2 3 4
Index of the selected process J 1 1 2 2
Number of rough turning N 2
Cutting speed Vi 114.3604 {200.00000{ 12.98235 | 40.00000
Feed rate Sos 1.000000 | 0.400000 | 12.000000| 6.000000
Depth of cut d,; 3.773231|0.867752 | 0.170252 [0.01553379
Process diameter Dh:j 52.90708| 51.17157| 50.83107| 50.80000
Process tolerance L. 0.5080000{ 0.227504 |0.0130000| 0.0080676
Design tolerance T, 0.0080676
Part feature index h 2
Stage index i 1 2 3 4
Index of the selected process J 1 2 2 4
Cutting speed Viij 74.35515 {110.00000| 160.00000| 45.00000
Feed rate fh.j 0.5075376| 0.797367 |{0.4000000{ 8.0000000
Depth of cut d,; 0" |5.3868310(0.8400000} 0.0175541
Process diameter D, 38.36723| 49.14089| 50.82089] 50.85600
Process tolerance Ly 0.5080000|0.3050000(0.0150000| 0.0101081
Design tolerance T, 0.0101081

''Note: all the data in this table are obtained directly from Lingo outputs. They have not been rounded since
rounding would cause inaccuracy in the final calculation.

* Part feature 1 belongs to the piston, and part feature 2 belongs to the cylinder.

*The depth of cut is 0 here since this is a drilling operation. In this case the diameters of the hole and the

drill bit are the same and so the “depth of cut” is 0.

The machining parameters (the number of rough turning passes, cutting speed, feed

rate, and depth of cut), process means and process tolerances for all the selected

processes that are needed to machine the two part features are provided in Table 4.7a.

Meanwhile, design tolerances for the two part features are also given in the table. This

example illustrates that, for a given assembly quality characteristic, the decisions on
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machining parameters, process means, process tolerances, and design tolerances for

involved part features can be made concurrently using the bi-criterion model.

b. The RSS constraint
max o

Subject to

S < (sum_tol, —0.472)/1.294
6 <(72.97039 —sum _cost )/ 2.05029

and all other constraints

sum _cost,” =71.21133, and

The Lingo outputs yield: & =0.8579569,

Sum _tol," =1.582196 . The relative difference between the Chebyshev solution and the

single objective solutions are 0.41% (=|(70.9201-71.21133)/70.9201|) and 10.4%
(=|(1.766-1.582196)/1.766]) respectively. The other output data are summarized in Table

4.7b.

Table 4.7b. Output of the piston and cylinder assembly problem with the RSS constraint

Parameters Symbols Qutputs
Part feature index h 1
Stage index ' i 1 2 3 4
Index of selected process Jj 1 1 2 2
The number of rough turning N 2
Cutting speed Vi 114.31810{200.00000( 13.83585 | 40.00000
Feed rate Sy 1.000000 | 0.400000 |12.000000{ 6.000000
Depth of cut dh,.j 3.782549 {0.8572500(0.1597500{0.01790219
Process diameter Dh.j 52.86980 [51.15530 | 50.83580 | 50.800000
Process tolerance Ly 0.5080000}0.2065000(0.0130000; 0.0128044
Design tolerance T, 0.0128044
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Part feature index h 2

Stage index i 1 2 . 3 4
Index of selected process J 1 2 2 4
Cutting speed Vi 74.37213 {110.00000{ 160.00000( 45.00000
Feed rate | Sos 0.506503 | 0.802604 | 0.400000 | 8.000000
Depth of cut dhij 0” 5.3604490|0.8400000/0.01944593
Process diameter D, 38.41621| 49.13711| 50.81711| 50.85600
Process tolerance Ly 0.50800000.3050000(0.0150000| 0.0138919
Design tolerance T, 0.0138919

'"Note: all the data in this table are obtained directly from Lingo outputs. They have not been rounded since
rounding would cause inaccuracy in the final calculation.

* Part feature 1 belongs to the piston, and part feature 2 belongs to the cylinder.

* The depth of cut is 0 here since this is a drilling operation. In this case the diameters of the hole and the
drill bit are the same and so the “depth of cut” is 0.

Compared with the computing results in Table 4.7a and in Table 4.7b, it is found
that the values of the number of rough turning, cutting speed, feed rate, depth of cut ,
process diameter and process tolerance (except the last one) are either the same or very
close. However, there are some differences in design tolerances (the last process
tolerances) in the two tables. The design tolerances for the two features are 0.0080676
mm and 0.0101081 mm when the WC constraint is used (Table 4.7a) and they increase to
0.0128044 mm and 0.0138915 mm when the RSS constraint is used (Table 4.7b). Hence

the WC constraint leads to tighter design tolerances as compared to the RSS constraint.

4.2.2 Example 4: multiple quality characteristics

The example with linear design functions is taken from the work reported in (Deng

and Deng, 2002). There are four design characteristics and eight part feature dimensions

for this assembly. The width of the base part is 127.127 mm. The first characteristic ¥, is

the machining allowance of the right surface of the base part. The other three
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characteristics ¥,, ¥, and ¥, specify the clearance conditions between the two parts. The
design characteristics of ¥, ¥,, ¥, and Y,, and the eight feature dimensions are shown in
Figure 4.3.

The nominal dimensions D, to D; in Figure 4.3 are respectively 25.4, 50.8, 76.2,

101.6, 25.4, 25.3492, 50.8 and 76.1492 mm. The four linear design functions are

Y, = f(D,,D,)=-D, - D, +127.127

(4.3)
Y, = f(D,,D,,D,,D,)= D, - D, + D, - D, - 0.00762 (4.4)
Y, = f(D,,D,,D,,D,) =D, ~ Dy — D, + D, —0.0254 @.5)
Y, = f(D,,D,,D,)= D, - D, -~ D, -0.00762 “6)

14 \ Ds

Ys

R A Y
D, Y,

127.127

Figure 4.3. The base and top parts of the assembly
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Substituting the nominal dimensions D, to D; into Equations (4.3) to (4.6) gives the
nominal values of the four characteristics. Therefore, the nominal values and tolerances

of ¥, Y, ¥; and Y, are assumed to be 0.127+0.58, 0.04318+0.28, 0.0254+0.17, and

0.04318+0.23 mm, respectively.

30.3492

A
S

DN

40

§~

()
1
2 ; 4 5
40
||
30 1
50 y 20y
Y
:30.4
458
- 81.2 -
- 96.6 1304
- 132 -
(b)

Figure 4.4. Initial stocks of the top part (a) and the base part (b)
(Note: All dimensions are in mm and the shaded areas are to be removed)
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The required manufacturing processes in this example are die casting, rough
milling, and finish milling. After die casting, the main dimensions of the two mild steel
stocks are illustrated in Figure 4.4 (the shaded areas are to be removed by milling
operations). The first machining stage contains several rough milling passes and the
second stage requires only one pass. The associated machining stages and processes are

listed in Table 4.8.

Table 4.8. Machining stages and processes for Example 2

Machining stages Machining processes
j =1 milling pass
i=1 Rough S rough milling passes
i=2 Finish Finish milling

An HSS end milling cutter is used to machine the shaded areas. The parameters in
the tool life, cutting force, cutting power equations and other input data are given in

Table 4.9.

Table 4.9. Input data for the base and top parts

Parameters Values

Unit material cost of the base and the top C,;,C,, | $30, $25

Process capability index C,,,,C,,, 1.2,09

Percentage of allowable rejected components a 5.3%

Unit inspection cost for pass C,,,,C ,, $1.0,81.5

Operation cost of C,, $3/min

Tool replacement cost and time C,,; T, $1/min, Imin

The cost of end milling cutter C,, $18/tool

Cutting speed limits V], , V¥, v}, , v}, 50, 90, 90, 140 m/min
Feed rate limits £;|, £¥, f5,, S 0.05, 0.09, 0.02, 0.06 mm/rev
Depth of cut limits d},,d},,d;, ,d} 0.8, 3.0, 0.08, 0.8 mm
The diameter of milling cutter D, 16 mm
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Number of teeth in the milling cutter ¥,

3

Milling length L ..., L,

40, 40, 40, 40, 40, 40, 40, 40 mm

Widthofcut d,,,....d,

g

30, 20, 20, 30, 50, 20, 20, 40 mm

Overtravel before cutting /,

1 mm

Machining allowance d,,,...,d;,;

5,5,5,5,5,5, 5, 5mm

Machine tool efficiency £

0.75

Constants for milling tool life
KTI,XTI’UTI’Y'T]’ZTI’VT]’STI’ml

53,045,1,0.5,0.5,0.1,0.1, 3.03

Constants for milling power
KWI > KW2’ KIMP3’ KW4’ KWS

0.0107,-0.86, 1, 0.72, 0.86 -

Constants for milling force
KWI’KWZ’KWS’KW4’KW5

0.642, -0.86, 0, 0.72, 0.86

Maximum force, power F,

max]>

Pmaxl

0.8 kN, 1.5 kW

L ! u 4l u
Tolerance limits #,,,%},,1,,,1;,

0.08, 0.5, 0.01, 0.1mm

The problem is solved following the same procedure as illustrated in example

section 4.2.1 and is explained as follows:

Step 1. Formulate and solve the bi-criterion model

8
Min sum _cost, = ZCW,,ZI
h=1

8 2
Max sum _tol, =" > myt,,

h=l i=l

Subject to: all the constraints (as listed in Model 2, Chapter 3)

Solving the problem separately with one objective at a time gives the following

results:

a) The WC constraint in the constraint set (p2) is used

71



Min sum costy | Max sum tol, Difference
Value of sum costy 270.0896 273.734 3.6444
Value of sum tol, 1.12 2.74 1.62

b) The RSS constraint in the constraint set (p2) is used

Min sum costy Max sum tol, Difference
Value of sum costy 270.0896 277.4795 7.3899
Value of sum tol, 1.12 2.88956 1.76956

Step 2. Formulate and solve the modified Chebyshev problem

a. The model with the WC constraint
max o
Subject to

6 < (sum_tol, —1.12)/1.62
6 <(273.734 - sum _cost |)/3.6444

and all other constraints

Solving this model gives &=0.9212978, sum_cost, =270.3764  and

sum_tol,” =2.612502 . The relative difference between the Chebyshev solution and the

single objective solutions are 0.1% (=|(270.0896-270.3764)/ 270.0896|) and 4.65%

(=/(2.74-2.612502)/2.74]) respectively. The outputs are summarized in Table 4.10a.

Table 4.10a. Output of the base and the top parts using the WC constraint

Parameters Symbols Outputs
Part feature index h 1 2
Stage index i 1 2 1 2
Index of selected process J 1 1 1 1
Number of rough milling S, 4 2
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Cutting speed Vis 85.50970 | 140.0000 | 84.37500 | 140.0000
Feed rate fhi]_ 0.0900000{0.0600000 | 0.0703571| 0.0600000
Depth of cut dw 1.1400000| 0.4400000( 2.2800000 | 0.4400000
Process diameter D, 25.840000{ 25.400000{ 51.240000 | 50.800000
Process tolerance by 0.2600000| 0.1000000 | 0.3482195 | 0.0117800
Design tolerance T, 0.1 0.01178

Part feature index h 3 4

Number of rough milling S, 2 4 .
Cutting speed Vi 84.37500 | 140.0000 | 84.37500° 0*
Feed rate S 0.0703571]| 0.0600000 | 0.0821327 0*
Depth of cut d,; 2.2800000| 0.4400000; 1.2500000 0”
Process diameter D,; 76.640000| 76.200000| 101.600000 0*
Process tolerance Ly 0.3107321 0.049268 {0.1130193 0*
Design tolerance T, 0.0492680 0.1130193

Part feature index h 5 6

Number of rough milling S, 6 2

Cutting speed Vi 84.37500 0* 84.37500 | 140.00000
Feed rate S 0.0655729 0" 0.0703571 0.06
Depth of cut d, 08333333 0 2.28 0.44
Process diameter D, 25.400000 0* 25.789200 | 25.349200
Process tolerance Ly 0.4669807 0* 0.3211578 | 0.0388422
Design tolerance T, 0.4669807 0.0388400

Part feature index h 7 8

Number of rough milling S, 2 5

Cutting speed Vi 84.37500 | 140.00000} 84.37500 | 140.00000
Feed rate Sos 0.0703571} 0.0600000 | 0.0830306 | 0.6000000
Depth of cut dh.j 2.2800000| 0.4400000| 0.8865005 | 0.5674976
Process mean D, 51.240000{ 50.800000| 76.7166976| 76.14920
Process tolerance L 0.3484632 | 0.0115368| 0.1325024 | 0.1000000
Design tolerance T, 0.0115368 0.1000000

'Note: all the data in this table are obtained directly from Lingo outputs. They have not been rounded since
rounding would cause inaccuracy in the final calculation.

* Part features 1, 2, 3, 4, and 5 belong to the base part; part features 6, 7 and 8 belong to the top part.
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* All the outputs are 0 in the column of process 1 in stage 2 (finish milling) for part features 4 and 5 since
the finish milling process is not chosen to machine the two features.

Table 4.10a shows that two machining stages are needed for machining part feature
1. In the primary stage, four rough milling passes are needed with a depth of cut of 1.14
mm for each pass, feed rate of 0.09 mm/rev and cutting speed of 85.5097 m/min. For the
second stage (finish milling), the cutting speed, feed rate and depth of cut are respectively
140 m/min, 0.06 mm/rev and 0.44 mm. The process means for the rough milling and
finish milling processes are 25.84mm and 25.4 mm. The process tolerances for the two
processes are 0.26 mm and 0.1 mm (design tolerance). All the detailed parameters for the
other seven part features are also provided in the table. It is noted that process 1 in stage 2
(finish milling) for part features 4 and 5 is not chosen (all the outputs are O in this
column), which means that only process 1 in stage 1 (rough milling) is required for part
features 4 and 5 to achieve the first quality characteristic ¥,. The simultaneous solutions
to the process selection, machining parameter selection and tolerance design as
summarized in Table 4.10a have effectively avoided decision conflict. The use of bi-
criterion approach has helped to achieve preferred compromise between the two non-

commensurable planning objectives.

b. The model with the RSS constraint
maxJ
Subject to

S <(sum_tol, —1.12)/1.769565
6 <(277.4795 —sum _cost )/ 7.3899

and all other constraints
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Solving this model vyields & =0.9973602, sum_cost,” =270.1091, and

Sum _tol," = 2.884889 . The relative difference between the Chebyshev solution and the

single objective solutions are 0.0072% (=[(270.0896-270.1091)/ 270.0896|) and 0.162%

(=}(2.88956-2.884889)/2.88956|) respectively. The outputs are given in Table 4.10b.

Table 4.10b. Output of the base and top parts using the RSS constraint

Parameters Symbols ] Qutputs
Part feature index h 1 2*
Stage index i 1 2 1 2
Process index J 1 1 1 1
Number of rough milling | §, 4 2
Cutting speed Vyi 90.0000 | 130.11890| 84.37500 | 111.17240
Feed rate Ss 0.0818318/0.03915162| 0.0703571 | 0.0600000
Depth of cut dhij 1.140000 | 0.440000 | 2.280000 | 0.440000
Process diameter Dy, 25.840000| 25.400000}{ 51.240000 | 50.800000
Process tolerance by 0.3499863| 0.0100137;0.3192150 | 0.0407850
Design tolerance T, 0.0100137 0.0407850
Part feature index h 3 4
Number of rough milling | §, 2 4
Cutting speed Vi 84.37500 | 140.00000| 81.76004 0*
Feed rate Sy 0.0703571| 0.0600000] 0.0625865 0*
Depth of cut d; 2.280000 | 0.440000 | 1.250000 0*
Process diameter D,, 76.640000} 76.200000| 101.600000 0’
Process tolerance 1y 0.3128297| 0.0471703{0.2248888 0"
Design tolerance T, 0.0471703 0.2248888
Part feature index h 5 6
Number of rough milling | S, 6 2
Cutting speed Vi 84.37500 i 84.37500 | 140.00000
Feed rate S 0.0655729 0’ 0.0703571 | 0.0600000
Depth of cut d,; 0.8333333 0" 2.2800000 | 0.4400000
Process diameter Dy, 25.400000 " 25.789200 | 25.349200

75



Process tolerance L 0.5000000 0" 0.3500000 | 0.0100000
Design tolerance T, 0.5000000 0.0100000

Part feature index h 7 8

Number of rough milling | §, 2 5

Cutting speed Vi 84.37500 | 111.17240| 84.37500 | 140.00000
Feed rate fhij 0.0703571f 0.0600000{0.0802653 {0.6000000
Depth of cut d,; 2.2800000| 0.4400000| 0.9120000 | 0.4400000
Process diameter thj 51.240000{ 50.800000| 76.589200 |76.1492000
Process tolerance L 0.2627099 | 0.0972901 | 0.2600000 | 0.1000000
Design tolerance T, 0.0972901 0.1000000

'Note: all the data in this table are obtained directly from Lingo outputs. They have not been rounded since
rounding would cause inaccuracy in the final calculation.

* Part features 1, 2, 3, 4, and 5 belong to the base part, while part features 6, 7 and 8 belong to the top part.
* All the outputs are 0 in the column of process 1 in stage 2 (finish milling) for part features 4 and 5 since
the finish milling process is not chosen to machine the two features.

As stated in example 1, it is observed that the values of the number of rough
milling, cutting speed, feed rate, depth of cut, and process diameter are not very sensitive
to the tolerance stackup constraint. Table 4.10a shows that, when the WC stackup
constraint is applied, the design tolerances for part features 1 to 8 are respectively 0.1
mm, 001178 mm, 0.049268 mm, 0.1130193 mm, 0.4669807 mm, 0.03884 mm,
0.0115368 mm, and 0.1 mm. The sum of those is 0.8914248 mm. When the RSS stackup
constraint is chosen (Table 4.10b), the design tolerances for part features 1 to 8 are
respectively 0.0100137 mm, 0.040785 mm, 0.0471703 mm, 0.2248888 mm, 0.5 mm,
0.01 mm, 0.0972901 mm, and 0.1 mm. The total is 1.0301479 mm. It is noted that,
although the total design tolerance increases when the RSS constraint is used, design
tolerances for part features 1, 3 and 6 are lower. Generally speaking, the WC constraint
results in tighter design tolerances for most part features as compared to the RSS

constraint.
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Chapter 5

Conclusions

The conclusions of this study follow in two sections. The first section gives
concluding remarks on the proposed bi-criterion approach, and the second section

contains recommendations for future work.

5.1 Concluding Remarks

The objectives proposed in this study have been achieved. The accomplished work

is summarized as follows:

1) An integrated approach has been proposed to simultaneously solve process
selection, machining parameter optimization and tolerance design
problems for single component, single quality characteristic case. The
associated model has been developed and solved as illustrated using two
examples in sections 4.1.1 and 4.1.2.

2) The above approach has been extended to the multi-component-multi-part-
feature (assembly) case. The tolerance allocation problem has also been
included. A more generalized model has been formulated and applied to
two illustrative examples in sections 4.2.1 and 4.2.2.

3) A bi-criterion approach has been in cases above to incorporate tangible
cost (expected unit cost) and intangible cost caused by different tolerance

specifications.
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4) A modified Chebyshev goal programming method has been applied to
obtain a preferred compromise between the two non-commensurable and
conflicting decision objectives.

5) Unlike most of the previous studies, the machining and tolerance
parameters in this study are selected in the context of multiple machining
stages with alternative processes. The interactions among machining
stages, processes, machining conditions and tolerance parameters and their
joint effect on planning objectives have all been taken into account and
hence inconsistent, infeasible and conflicting decisions can be avoided.

6) In the assembly case, the design tolerance allocation (or synthesis) issue
has been integrated with manufacturing planning problems. This will avoid
the shortcomings of the conventional approaches in which the

manufacturing aspects are often ignored.

5.2 Future Research

To further improve decision quality in manufacturing planning, the above work
could be extended in the following directions:

1. Single-component, multiple-quality-characteristics. The first model presented in
section 3.2.1 can only be applied to single-component, single-characteristic cases. To
deal with products involving multiple quality characteristics, a new model needs to be

developed.

2. Multiple-components, multiple-quality-characteristics with non-linear design
Sunctions. The second model developed in this study can effectively solve multi-
components, multi-quality-characteristic problems with linear design functions. However,

it cannot be directly applied to the problems with non-linear design functions.
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Modification to the model is thus necessary for more complex assembly products where
design functions are often non-linear. |

3. Probabilistic tool life and machining time. The tool lives and machining times in
the two models are assumed to be deterministic due to the lack of reliable data. It would
be more realistic to treat them as probabilistic parameters providing that the data are
available.

4. The consideration of other planning objectives. The two planning objectives
adopted in this study are tangible and intangible costs. Other important planning criteria
completion time, tardiness, and mean flow time could be considered in the future.

5. Inclusion of other part features and processes. Three part features (external and
internal rotational surfaces and planar surfaces) and six processes (milling, turning,
grinding, drilling, boring and reaming) are considered in the two models. Other features
such as gears and threads and associated processes should receive similar attention.

6. Solution method for large sized problems. The two models for the four example
problems are solved using a commercial software package, Lingo, in this thesis. Due to
the large number of integer variables and the nonlinearity of the models, efficient solution

algorithms should be developed to provide quick solutions for large scale problems.
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Appendix A

A derivation for the expected quality cost

Case 1. The expected quality cost for process J in stage i (i<I):
The specification for a selected process {i, j | m; =1} is D; £, with D; being the
process mean and #; the process tolerance. The raw stocks are machined according to

their process mean D; and tolerance #; by pass.j. Because the dimension measurement x

of the products follows a normal distribution with the process mean and the process

variance as parameters, the probability density function is

1 ..l(_X__")z
JfX)=—p—=e * °
oV2n
D,-t,-D, 1, D,+t,-D, t,
Assumed Z, =——"—L=-—— | Z,,=———>%=——and the
arm'j amj O-Mii o-"'ij

manufacturing process is stable (i.e., the process capability index Cp = ? = constant),

the results are

Z,,=-3C,;, Zy,=3C,,;, 0i=1,/(3C,;)

1 Pij > Py

The probabilities that a component’s dimension is below, within, and above the

specification range are respectively
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P(x<D,-t1,)= fj"" f(x)de = D(- ;—’) =0(Z,;) (A1)

P(x2Dy+t)=[" f(x)de=1- d)(;i) =1-®(Z,,) (A2)
and
P(D, -1, <x<D,+1)=["" f(0)dx =0(Z,,) - ¥(Z,,) (A3)

Case 2. The expected quality cost for a process J of the finish stage i =1
If process J is selected for the last manufacturing stage (i.e., 7; =1), the
components will be machined according to their process mean Dj; and tolerance #; by

process J . After machining, all the components should be measured according to product

. . . +T, D‘TL_DII D+7;J_Dlj
design specification D7y’ . Assumed Z,;, =———, Z,; =————, the results
Oy Oy
are
D-T,
Px<D-T)=[ " f(x)dc=D(Z,) (A4)
P(x2D+TU)=ID+TUf(x)‘k=1"'(D(Zzpj) (A.5)
and
D+Ty,
P(D-T,<x<D+T,)= J'D_TL fx)de=D(Z,,)-D(Z,,) (A.6)

The expected quality loss after the finish stage is then
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Ec(L), =], . Ku,-(x—D)’f(x)dH [T Koy (2= DY f(x)ae

=K0,(D-D )¢( ") —(D+T,-Dy)op(Z,,))

+K,; (0" +(D~D;) )(<D( =l —)~2(Zy) (A7)
+K 0, (D Ty = Dy)e(Z,) - (D-D )¢( =l =)

5 ) D-D,
+Ky (O +(D =Dy NP(Z;) - O(——)

Assumed that the last process is also stable, the process variance &,, can therefore

be estimated from the known process capability index C,;. If the process is normally

. |USL - —-LSL
distributed, C,; can be defined as C; = mm{ 3 v , v

o] 3o

m m

}, which yields:

_min((D-T,)-D,,D,;-(D-T)))

o, =
3CPIJ'
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Appendix B

Source code in Lingo language for Example 1

!This cost Model 1 for Example 1 (shaft) is presented.
The inputs are based on all practical data from handbooks
and reliable sources;

MODEL:

SETS:

STAGES /1..4/;

PROCESSES /1..2/: FMAX,PMAX;

LINKS (STAGES, PROCESSES) :
m,t,Vv,F,D,Dia,Cost, tL, tU, FL, FU, VL, VU, DL, DU, P21, Pz2,21,22,23
+E_loss,

Cc_UM,Cp,C_sS,C R,C_ i,Yzl1,Yz2;

ENDSETS

e Input the original data ----—-----—--—-—--
DATA:

L=60; !The dimension of the raw bar;
Do=68.0;

Design=50.8; !Design target;

Tol L = 0.017;
Tol U = 0.007;

Cp=1.2 0 !The process capability index for each process;
1.1 0
0 1.0
0 0.85;
Ci=1.00 !The inspection fee for each process;
1.5 0
0 2.0
0 2.50;
al=0.053;

pi=3.1415926;

92



DL = 1.5 0 !'Depth of cut lower limit for processes;
0.5 0
0 0.05
0 0.005;
DU = 5.00 !'Depth of cut upper limit for
processes;
1.5 0
0 0.5
0 0.05;
tL = 0.127 0 !Tolerance lower limit for processes;
0.050 0
0 0.013
0 0.005;
tU = 0.508 0 !Tolerance upper limit for processes;
0.305 0
0 0.076
0 0.025;
VL = 50 0 !Speed lower limit for processes;
140 O
0 10
0 20;
VU =130 0 !Speed upper limit for processes;
200 0
0 25
0 40;
FL = 0.50 !Feed rate lower limit for processes;
0.1 0
0 6.0
0 1.0;
FU =1.00 !Feed rate upper limit for processes;
0.4 0
0 12.0
0 6.0;
C u=10; !The unit raw material cost($):
Cr=1.0; !The tool replacement cost($/min);
tr=1; !The tool replacement time (min);
Ct=3.0; !The tool cost($/edge):;
Cm = 1.0; !The unit machining cost of turning

process ($/min) ;
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!The unit machining cost of grinding

C Gm = 5;

process ($/min) ;

C_d=9; !The unit dressing cost($/min);

D s=355.6; !The diameter of the grinding wheel (mm);
D dr=0.02; !The dressing depth;

S d=0.15; !The grit diameter (mm);

V_Gs=1800; !The speed of grinding whell surface (m/min);
B=25.4; !The width of grinding wheel;

K G=2.4; !Constants for grinding wheel life;
A=0.01;

K F1=0.8; !Costants for grinding force;

K F2=1.05; !Costants for grinding force;

K P1=0.8; !Costants for grinding power;

K P2=1.05; !Costants for grinding power:;
E=0.75; !Machine tool efficiency:;
Bt=847288609443; !Empirical turning parameters in the

tool life equation;
alphat=5.0;
betat=2.0;
gammat=0.75;

Bf=0.9; !Empirical parameters in the turning
force equation;

alphaf=0.0;

betaf=0.75;

gammaf=1,0;

Bp=0.02; !Empirical parameters in the power
consumption equation;

alphap=1.0;

betap=0.75;

gammap=1;

!Empirical turning parameters in the surface roughness
equation;

Br=122;

alphar=-1.52;

betar=1.004;

gammar=0;

eta=-0.714;

theta=-0.323;

BHN=195;

r=1;
m=10
10
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01
0 1;

’
!Maximum turning force, power and surface roughness;

Fmax = 4.5 1.5;
Pmax = 10 12;
RGFmax = 0.00125;
RGRmax = 0.0025;
RTFmax 0.0032;

i

ENDDATA
INIT:

t = 0.416 0
0.092 0
0 0.035
0 .0.010;

’

—e

OONHNWbdOWITFHLrE OO

OO0 WOOOOODORRHN
O OO0OO0OO0OO0O0o

= o
©
[6,]

e here is the objection function------------------—- ;

!Min = P_cost; !The first objective function;
Max = Sum_tol; !The second objective function;
!Max = Dummy; 'Fuzzy GP;

Sum_tol = @SUM( Links(I,J): m(I,J)*t(I,J) );
P _cost = @SUM(Links(I,J) | I #EQ# 4: m(I,J)*C_UM(I,J) )
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!DUMMY <= (Sum tol-0.195)/0.663; !Fuzzy GP:
|DUMMY <= (23.98925—P_cost)/5.7761;

Pxxxkkkxk** Judge that tolerance is in which stage's
range**************;

! (1)when the design tolerance is in the range of No.4
finish machining stage;

@FOR (STAGES(I):
@SUM (PROCESSES (J) :m(I,J)) = 1;
) ;

@FOR ( LINKS(I,J) | m(I,J) #EQ# O:

V(I,J)=0;
F(I,J)=0;
D(I,J)=0;
t(I,J)=0;

)

! (2)when the design tolerance is in the range of No.3 semi-
finish machining stage;
!@FOR (STAGES(I) | I #EQ# 4:

! @SUM (PROCESSES (J) :m(I,J)) = 0;
')
!@FOR (STAGES(I) | I #LE# 3:

! @SUM (PROCESSES (J) :m(I,J)) = 1;

)2

! (3)when the design tolerance is in the range of No.2 rough
machining stage;
!@FOR (STAGES(I) | I #GE# 3:

! @SUM (PROCESSES (J) :m (I, J)) = O;
')
'@FOR (STAGES(I) | I #LE# 2:
! @SUM (PROCESSES (J) :m(I,J)) = 1;

Y)s

! {4)when the design tolerance is in the range of No.l
primary machining stage;
!@FOR (STAGES(I) | I #GE# 2:

! @SUM (PROCESSES (J) :m (I, J))
1):

0;

!@FOR (STAGES(I) | I #EQ# 1:
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! @SUM (PROCESSES (J) :m(I, J)) = 1:
')

I**********************************************************;

!calculate the average manufacturing cost of rough turning
pass;

@FOR (STAGES(I) | I #EQ# 1: 'if process 1 in stage
1 is chosen;

@FOR (PROCESSES(J) | J #EQ# 1 #AND# m(I,J) #EQ# 1:

C_UM(I,J) =
(C_u+(Cost(I,J)+C_i(I,J))*(1+Pz2(I,J)))/(l—le(I,J));

Cost(I,J) = Pi*L*0.001*Bt"(-1)* (Cm*Bt*V(I,J)" (-
1)*F(I,J)"(-1)+

V(I,J) " (alphat-1)*F(I,J)" (betat-
1)*D(I,J)~gammat* (Ct+Cr*tr))* (n*Do-n* (n-1) *D(I,J));

C_S(I1,J) = C_u+Cost(I,J)+C_i(I,J);
C_R(I,J) Cost (I,J)+C_1i(I,J);

i

Pz1(I,J) = @PSN(zl(I,J));
Pz2(I,J) 1-@PSN(z2(I,J));

@FREE (z1(I,J));

z1(I,J) = -3*Cp(I,J);

22(I,J) = 3*Cp(I,Jd);
)2
) ;

!Calculate the average manufacturing cost of finish turning
pass;

@FOR (STAGES(I) | I #EQ# 2: 'if process 1 in stage 2
is chosen;

@FOR (PROCESSES(J) | J #EQ# 1 #AND# m(I,J) H#HEQ# 1:

C_UM(I,J) =
(C_UM(1,1)+(Cost(I,J)+C_i(I,J))*(1+P22(I,J)))/(1-P21(I,J));

Cost(I,J) = Pi*L*0.001*Bt" (-1)* (Cm*Bt*V (I, J)" (-
1)*F(I,J)"(-1)

+V(I,J) " (alphat-1)*F(I,J) " (betat-
1)*D(I,J)~gammat* (Ct+Cr*tr))* (Dia(I,J)+2*D(I,J));

97



C_S(I,J)
C_R(I,J)

C_UM(1,1)+Cost(I,J)+C_i(I,J):
Cost(I,J)+C_i(I,J);

Pz1(I,J) @PSN{(z1(I,J)):
Pz2(I,Jd) = 1-@PSN(z2(I,Jd)):

@FREE (z1 (I, J)):
z1(I,J) = -3*Cp(I,J);
z2(I,J) = 3*Cp(I,Jd);

)
);
!Calculate the average manufacturing cost of rough grinding

passes;

@FOR (STAGES(I) | I #EQ# 3: !if process 2 in stage 3 is
chosen;
@FOR (PROCESSES (J) | J H#EQ# 2 #AND# m(I,J) #EQ# 1:

C UM(I,J) =

(C_UM(2,1)+(Cost(I,J)+C_i(I,J))* (1+P22(I,J)))/(1-P21(I,J));
Cost (I,J)=C_Gm*Pi* (Dia(I,J)+2*D(I,J))*L*0.001*V(I,J)" (-
1)*F(I,J) " (-1)+(C_d+Cr*tr) *K_G*L

*(Dia (I, J)+2*D(I,J))* (D(I,J)~1.2)*(V(I,J)~0.2)/(1000*A*D s*
F(I,J)*(V_Gs"0.2));

C S(I,J) = C_UM(2,1)+Cost(I,J)+C_i(I,J);
C R(I,J) Cost (I, J)+C_i(I,J);

Pz1(I,J) = @PSN(zl1(I,J));
Pz2(I,J) 1-@PSN (z2(I,J)):

@FREE (z1 (I, J));
2z1(1,J) = -3*Cp(I,J);
z2(I,J) 3*Cp(I,d);

) ?

.
’

!Calculate the average manufacturing cost of rough grinding
passes;
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@FOR (STAGES(I) | I #EQ# 4: !if process 2 in stage 4
is chosen;
@FOR (PROCESSES(J) | J #EQ# 2 #AND# m(I,J) #EQ# 1:

C_UM(I,J) =
(C_UM(3,2)+(Cost(I,J)+C_i(I,J))*(1+Pz2(I,J))+E_loss(I,J))/(
1-Pz1(I,Jd));

Cost (I, J)=C_Gm*Pi* (Dia(I,J)+2*D(I,J))*L*0.001*V (I, J)" (-
1) *F(I,J)~(-1)+(C_d+Cr*tr)*K G*L

*(Dia(I,J)+2*D(I,J))*(D(I,J)"1.2)*(V(I,J)~0.2)/(1000*A*D s*
F(I,J)*(V_Gs"0.2));

C_S(I,J) = C_UM(3,2)+Cost(I,J)+C_i(I,J);
C_R(I,J) = Cost(I,J)+C_i(I,J);

!Here, calculate the expected loss;

E loss(I,J) = Kl*Sigma* ((Design-Dia(I,dJ))*Yz3-
(Design+Tol_L-Dia (I, J))*Yz1(I,J))+K1l* (Sigma~2+
(Design-Dia (I, J))"2)* (Pz3-
Pz1(I,J))+K2*Sigma* ((Design-Tol U-Dia(I,J))*Yz2(I,J)-
(Design-Dia (I, J))*Yz3)+K2* (Sigma”~2+ (Design-
Dia(I,J))"2)*(1-Pz2(I,J)-Pz3);

Kl = C_S(I,J)/(Tol L 2);
K2 = C_R(I,J)/(Tol U"2);

!Calculate the value of standard normal probability density
function;

Yz1(I,J) (1/((2*Pi)~0.5) ) *@EXP(-0.5* (z1(I,J)"2)):
Yz2(I,J) (1/((2*Pi)~0.5) ) *@EXP(-0.5* (22(I,J)"2));
Yz3 = (1/((2*Pi)"0.5))*@EXP(-0.5% (z3(I,J)"2));

!Calculate the value of cumulative standard normal
probability distribution;

Pz1(I,J) = @PSN(zl(I,J));

Pz2(I,Jd) = 1-@PSN(z2(I,Jd)):

Pz3 = @PSN(z3(I,J)):;

@FREE (21 (I, J));

@FREE (z3(I,J));

z1(I,J) = (Design-Tol L-Dia(I,J))/Sigma;
z2(I,J) = {(Design+Tol U-Dia(I,J))/Sigma;
z23(I,J) (Design-Dia (I, J))/Sigma;
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!Calculate the Sigma; !Cpk=min{ (USL-U)/(3*Sigma), (U-
LSL) /(3*Sigma)]:

Sigma = @SMIN(Sigma 1,Sigma 2);

Sigma 1 = (Design+Tol U-Dia(I,J))*(3*Cp(I,J))"(-1);
Sigma_2 = (Dia(I,J)-(Design-Tol L)) *(3*Cp(I,J))"(-1);

);
),

Dia(l1,1) = Do-2*n*D(1,1);
!Limit the diameters relationship between two processes;
@FOR (STAGES(I) | I #GE# 2:

@SUM (PROCESSES (J): m(I,J)*(Dia(I,J)+2*D(I,J)))
= @SUM (PROCESSES(H): m(I-1,H)*Dia(I-1,H));

)7

!Let the last process's diameter equal to the working
diameter;

@FOR (STAGES(I) | I #EQ# 4:

@FOR (PROCESSES (J) | m(I,J) #EQ# 1:
Dia(I,J) - U =0;

)
)2

@GIN(n);
@FOR( LINKS: @BIN(m));

L i The following section is used to set
constraints----—------ ;

!l)process parameter constraints;

@FOR ( LINKS(I,J)| m(I,J) #HEQ# 1:

@BND (VL (I, J),V(I,J),VU(I,d)): !process speed restriction;
@BND(FL(I,J),F(I,J),FU(I,J));!process feed rate restriction;
@BND(DL(I,J),D(I1,J),DU(I,J)):; !process depth restriction;
@BND(tL(I,J),t(I,J),tU(I,d)): !process tolerance
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restriction;
)
!2)machining allowance constraints;
@FOR (STAGES(I) | I #GE# 2:
(@SUM (PROCESSES(J): m(I-1,J)*(Dia(I-1,J)-t(I-1,J)))-
@SUM (PROCESSES (H) :
m(I,H)*(Dia(I,H)+t(I,H)+2*DL(I,H))))/2 >= 0;
(@SUM (PROCESSES(J): m(I-1,J)*(Dia(I-1,J)+t(I-1,J)))-
@SUM (PROCESSES(H): m(I,H)*(Dia(I,H)-
t(I,H)+2*DU(I,H))))/2 <= 0;
)
!3) functionality requirement constraints;
@FOR (STAGES(I) | I #EQ# 4:
@FOR (PROCESSES(J) | m(I,J) #EQ# 1:

U >= Design-Tol L+t (I,J);
U <= Design+Tol U-t(I,J);

!4)process total depth of cut constraints;

U+2*@SUM (LINKS(I,J) | I #GE# 2: m(I,J)*D(I,J))+2*n*D(1,1) =
Do;

'U+2*(D(2,1)+D(3,2)+D(4,2))+2*n*D (1, 1)=Do;
!5)constraints for product quality requirement;

@FOR (STAGES(I) | I #EQ# 4:
@FOR (PROCESSES (J) | m(I,J) #EQ# 1:

1-Pz1(I,J)-Pz2(I,Jd) >= l1l-al;
);
) ;
'6)constraints of cutting force,power,and surface roughness;
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@FOR ( STAGES(I) | I #LE# 2:
@FOR (PROCESSES(J) | J #EQ# 1:

Bf*V (I, J)~alphaf*F(I,J) “betaf*D(I,J)~gammaf <= Fmax(J);
Bp*V (I, J)~alphap*F(I,J)"betap*D(I,J) "gammap <= Pmax(J);
)i
)i

@FOR ( STAGES(I) | I #EQ# 2:
@FOR (PROCESSES(J) | J #EQ# 1:

Br*r~eta*BHN” (theta) *V (I, J) “alphar*F (I, J) *betar <=
RTFmax;

)2
)2

@FOR ( STAGES(I) | I #EQ# 3:
@FOR (PROCESSES(J) | J #EQ# 2:

86.4*E* (V(I,J)*F(I,J)*D(I,J))"0.7*K _F1*K F2*V_Gs” (-1)
<= Fmax (J);
1.44*(V(I,J)*F(I,J)*D(I,J))"0.7*K P1*K P2 <= Pmax (J);
0.2*(V(I,J)*D(I,J)*V_Gs™ (-
1))70.5*D dr~0.25*S_d~0.5+R_slackl = RGRmax;

.
’
.
4

@FOR ( STAGES(I) | I #EQ# 4:
@FOR (PROCESSES (J) | J #EQ# 2:

86.4*E* (V(I,J)*F(I,J)*D(I,J))"0.7*K F1*K_F2*V_Gs" (-1)
<= Fmax (J);
1.44*(V(I,J)*F(I,J)*D(I,J))"0.7*K_P1*K P2 <= Pmax (J);
0.2*(V(I,J)*D(I,J)*V _Gs” (-
1))70.5*D dr~0.25*s_d"0.5+R_slack2 = RGFmax;
)i
);

END
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Appendix C

Source code in Lingo language for Example 2

!This cost model 1 for Example 2 (the hole) is presented.
The inputs are based on all practical data from handbooks
and reliable sources;

MODEL:
SETS:

STAGES /1..4/;

PROCESSES /1..4/:

‘m,K 7,0 T7,X T,Y¥ 7,2 T,W T,K F,X F,Y F,Z F,K M,X M,Y M,Z M,
Fmax, Pmax;

LINKS (STAGES, PROCESSES) :

m, t, tL, tU,Vv,VL, VU, F, FL, FU, D, DL, DU, Dia, Cost, Force, Torque, pow
er,bz1,Pz2,21,22,23,E_loss,

c_uM,Cp,C_S,C_R,C_1i,Yzl1,Yz2;

ENDSETS
e Input the original data -----—---——--"----———-- ;
DATA
L=100; !the dimension of the raw bar;
Design=50.856; !design target;
Tol L=0.007;
Tol U=0.019;
Cp=1.2000 !The process capability index
for each pass;
01.1 00
0 1.01.00
0 0.9 0.9 0.9;
Ci=1000 !The inspection fee for each pass;
01.500
0 1.81.50
0 1.91.8 2;
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al=0.053;
pi=3.1415926;
DL=0000 !depth of cut lower limit for passes;
01.000
0 0.1 0.1 O
0 0.007 0.007 0.005;
DU=0000 !depth of cut upper limit for passes;
0 6.000
0110
0 0.1 0.1 0.1; ,
tL = 0.178 0 0 O !tolerance lower limit for passes;
0 0.076 0 O
0 0.015 0.014 ©
0 0.01 0.009 0.008;
tU = 0.508 0 00 !tolerance upper lower

limit for passes;
0 0.305 00
0 0.127 0.126 O
0 0.07 0.06 0.05;

VL =70 000 !speed lower limit for passes;
0 110 0
0 130 6
0 140 12 20;
VU =110 0 O
0 140 O
0 160 1
0 170 20 45;

!speed upper limit for passes;

FL = 0.2 000 !feed rate lower limit for
passes;

0 0.500

0 0.10.80

0 0.06 0.5 2.0;
FU = 0.6 0 0O !feed rate upper limit for
passes;

01.000

0 0.4 2.00

0 0.2 1.0 8.0;
C_u=10; !The unit raw material cost($);
C_tB=7; !The boring insert cost for
boring process($/each);
C_tR=282; !The reamer cost for reaming

process;
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Cm = 2, 3, 3, 5;
processes ($/min) ;
C_d=10;

!The unit machining cost of four

IThe unit dressing cost ($/min);

Cr=1.0; !The tool replacement cost($/min);
tr=1; !The tool replacement time (min);
D s=35; !The diameter of the grinding wheel (mm);
D dr=0.01; !Dressing depth;
S d=0.15; !The dressing lead;
V_Gs=2400; !The speed of grinding wheel
surface (m/min);
B=10; !The width of grinding wheel;
K G=2.4; !Constants for grinding wheel
life;
A=0.005; !Grinding wear;
E=0.75; !Machine tool efficiency;
KT=42.3, 292, 15.1, 0; lempirical constants in the
tool life equation;
X T=20.5, 0, 0.2, 0;
uT=1, 1, 1, 0;
Y T=20, 0.15, 0.1, O;
Z T=0.5 0.2, 0.5, 0;
WT 2.5, 5, 3.33, 0;
K F = 418, 900, 233, 0; lempirical parameters in the
processes' force equation;
XFr=1.2, 0, 0O,
Y F=20, 1.0, 1.2, O;
Z F=0.75, 0.75, 0.4, O;
KM= 120, 0, 846, 0; !empirical parameters in the
torque equation;
XM=2.2, 0, 1,
YM=0, 0, 0.75, 0;
ZM-=0.8 0, 0.8, 0;
m=1020020 !enumerate all possible process
choice;

0100

0110

0111;
Bp=0.02; !empirical parameters in the boring power

consumption equation;

alphap=1.0;
betap=0.75;
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gammap=1;

!maximum drilling, boring, reaming and grinding force,
power, torque roughness;

Fmax 20000 4500 20000 1.5;
Pmax 10 10 10 12;
RGmax = 0.00125;

ENDDATA

INIT:
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e

ENDINIT

- here is the objection function----------—--—-—-—-
!Min = P_cost; !The first objective function;

!Max = Sum tol; !The second objective function;

Max = Dummy; 'Fuzzy GP;

Sum_ tol = @SUM( Links(I,J): m(I,J)*t(I,Jd) );
P_cost = @SUM(Links(I,J) | I #EQ# 4: m(I,J)*C_UM(I,J) );

DUMMY <= (Sum_tol-0.277)/0.631; !Fuzzy GP;
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DUMMY <= (28.78405-P cost)/9.00516;

!*********************Judge that tolerance is
stage's range**************;

! (l)when the design tolerance is in the range
finish machining stage;

@FOR (STAGES(I): !Ensure
only choose one pass;
@SUM (PROCESSES (J) :m(I,J)) = 1;

)

! (2)when the design tolerance is in the range
finish machining stage;
!@FOR (STAGES(I) | I #EQ# 4:
! @SUM (PROCESSES (J) :m(I,J)) = 0;
1)s

!@FOR (STAGES(I) | I #LE# 3:
! @SUM (PROCESSES (J) :m(I,J))
1)

1;

! (3)when the design tolerance is in the range
machining stage;
!@FOR (STAGES(I) | I H#GE# 3:

! @SUM (PROCESSES (J) :m (I, J)) = 0;

')y

!@FOR (STAGES(I) | I #LE# 2:

! @SUM (PROCESSES (J) :m(I,J)) = 1;
');

in which

of No.4

each process

of No.3 semi-

of No.2Z2 rough

! (3)when the design tolerance is in the range of No.l

primary machining stage;
!@FOR (STAGES(I) | I #GE# 2:

! @SUM (PROCESSES (J) :m (I, J)) = 0;
')
'QFOR (STAGES(I) | I #EQ# 1:

! @SUM (PROCESSES (J) :m (I, J)) = 1;

')

fhkdkdkdhkhkhkhkhkhbhhkhhhkhhhkhhkhhbdhkhkhhhkhbhhhbhkhhkhkhkhkkhkhkdhokhkhkhkhkdhhkhkdhhkkhkdhkkhkohhk

*************************;

@FOR ( LINKS(I,J) | m(I,J) HEQ# O: !ensure the
unselected passes' parameter equal to 0;
V(I,J)=0;
F(I,J)=0;
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D(I,J)=0;
t(1I,J)=0;
) :

@QFOR( LINKS: @BIN(m)); !lensure m(I,J) equal to 1, or
0;

!calculate the average manufacturing cost of drilling
process;

@FOR ( STAGES(I) | I #EQ# 1: 'if pass 1 in process
1 is chosed; :
@FOR (PROCESSES(J) | J #EQ# 1 #AND# m(I,J) #EQ# 1:

C_UM(I,J) =
(C_u+(Cost (I,J)+C_1i(I,J))*(1+Pz1(I,J)))/(1-P22(I,J));

Cost(I,J) = Pi*L*0.001*Dia(I,J)*V(I,J)~(-1)*F(I,J)" (-
1)*(Cm(J)+((-66.48+13.467 '

*Dia(I,J)-
0.8633*Dia(I,J)~2+0.0237*Dia (I, J) " 3-
0.000206*Dia (I, J)~4)+Cr*tr)

*(V(I,J)~U_T(J)*F(I,J)"2_T(J)*K _T(J)"(-
1)*Dia(I, )" (=X _T(J)))" "W _T(J));

C S(I,J) = C u+Cost(I,J)+C _i(I,J);

C R(I,J) = Cost(I,J)+C i(I,J);
Pz1(I,J) = @PSN{(z1(I,J)):
Pz2(I,J) = 1-@PSN{(z2(I,J)):

@FREE (z1(I,J)):;
z1(I,J) = -3*Cp(I,d);
z2(I,Jd) = 3*Cp(I,Jd):

.
’

)
)
!calculate the machining cost of rough, semi-finish and
finish boring process;

@FOR (STAGES(I) | I #EQ# 2: 'if pass 2 in

process 2 is chosed;
@FOR (PROCESSES(J) | J #EQ# 2 #AND# m(I,J) #EQ# 1:

C_UM(I,J) =
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(C_UM(1,1)+(Cost(I,J)+C i(I,J))*(1+P21(I,J)))/(1-P2z2(I,J)):

Cost (I,J) = Pi*L*0.001*Dia(I,J)*V(I,J)"(-1)*F(I,J)" (-
1) * (Cm(J) + (C_tB+Cr*tr) * (V(I,J) ~U_T (J)
*D(I,J) Y _T(J)*F(I,J)"2_T(J)*K_T(J)" (-
1))*W_T(J));

C_S(I,J) = C_UM(1,1)+Cost(I,J)+C_i(I,J);
C_R(I,J) = Cost(I,J)+C_i(I,J);

Pz1(I,J) = @PSN(zl(I,Jd));

Pz2(I,Jd) = 1-@PSN(z2(I,J)):

@FREE (z1 (I, J));
z1(I,J) = -3*Cp(I,J);
z2(I,d) = 3*Cp(I,J);

)2
)2

@FOR (STAGES(I) | I #EQ# 3: 'if pass 2 in
process 3 is chosed;
@FOR (PROCESSES (J) | J #EQ# 2 #AND# m(I,J) #EQ# 1:

C_UM(I,J) =
(C_UM(2,2)+(Cost (I, Jd)+C_i(I,J))* (14Pz1(I,J)))/(1-P22(I,J));

Cost(I,J) = Pi*L*0.001*Dia(I,Jd)*V(I,Jd)"(~-1)*F(I,Jd)" (-
1)*(Cm (J) + (C_tB+Cr*tr) * (V(I,J)"U_T (J)
*D(I,J)~Y_T(J)*F(I,J) 2_T(J)*K_T(J)~ (-
1)) W_T(J));

C_S(I,J) = C_UM(2,2)+Cost(I,J)+C_i(I,J);
C_R(I,J) = Cost(I,J)+C_i(I,J);

Pz1(I,J) = @PSN(zl1l(I,J)):;

Pz2{(I,Jd) = 1-@PSN(z2(I,Jd)):

QFREE (21 (I, J));
z1(I,J) -3*Cp(I,J):
22 (1,J) 3*Cp(I,J);

— —
e we

!calculate the machining cost of semi-finish and finish
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reaming pass;

@FOR (STAGES(I) | I #EQ# 3 : !if pass 3 in
process 3 is chosed;
@FOR (PROCESSES(J) | J #EQ# 3 #AND# m(I,J) #EQ# 1

C_UM(I,J) =
(C_UM(2,2)+ (Cost (I,J)+C_i(I,J))*(1+P2z1(I,J)))/(1-Pz2(I,J));

Cost(I,J) = Pi*L*0.001*Dia(I,J)*V(I,J)~(-1)*F(I,J)"~(~
1) *(Cm(J)+ (C_tR+Cr*tr) *(V(I,J)"U_T(J)
*D(I,J)"Y_T(J)*F(I,J)"Z_T(J)*K T(J)"(-
1)*Dia (I, J) " (-X_T(J)))"W_T(J));

C_S(I,J) = C_UM(2,2)+Cost(I,J)+C_i(I,J);
C_R(I,J) = Cost(I,J)+C i(I,J);

Pz1(1I,J) = @PSN(zl1l(I,J)):

Pz2(I,J) = 1-@PSN(z2(I,J)):;
@FREE (z1 (I, J)):

z1(I,J) = =-3*Cp(I,Jd);

z2(I,J) = 3*Cp(I,J);

) ;
)
!calculate the machining cost of grinding pass;

@FOR (STAGES(I) | I #EQ# 4: 'if pass 4 in
process 4 is chosed;
@FOR (PROCESSES(J) | J #EQ# 4 #AND# m(I,J) #EQ# 1:

C_UM(I,J)=(m(3,2)*C_UM(3,2)+m(3,3)*C_UM(3,3)+ (Cost (I,J)+
C_i(I,J))*(1+Pz1(I,J))+E _loss(I,J))/(1-
Pz2(I,J));

Cc s(1,J) =
m(3,2)*C_UM(3,2)+m(3,3)*C_UM(3,3)+Cost(I,J)+C_i(I,J);
C R(I,J) = Cost(I,J)+C_i(I,J);

Cost (I,J)=Cm(J)*Pi* (Dia (I, J)~-
2*D(I,J))*L*0.001*V(I,J)"(-1)*F(I,J)"(-1)+(C_d+Cr*tr)*K G*L
*(Dia(I,J)-
2*D(I,J))*(D(I,J)“1.2)*(V(I,J)“O.Z)/(1000*A*D_s*F(I,J)*(V_G
s*0.2)):

110



'here, calculate the expected loss;

E loss(I,J) = Kl*Sigma* ( (Design-Dia (I, J))*Yz3-
(Design+Tol_L—Dia(I,J))*Yzl(I,J))+Kl*(SigmaA2+
(Design-Dia (I, J))"2)* (Pz3-
le(I,J))+K2*Sigma*((Design—Tol_U—Dia(I,J))*Yz2(I,J)—
(Design—Dia(I,J))*Yz3)+K2*(Sigma“2+(Design—
Dia(I,J))"2)*(1-Pz2(I,J)-Pz3);

Kl = C_R(I,J)/(Tol_L"2);
K2 = C_S(I,J)/(Tol _U*2);

!Calculate the value of standard normal probability density
function;

Yz1(I,J) = (1/((2*Pi)~0.5))*@EXP(-0.5*% (z1(I,J)"2));
Y22(I,J) = (1/((2*P1)"0.5))*QEXP(-0.5*% (z2(I,J)" 2));
Yz3 = (1/((2*Pi)~0.5))*@EXP(-0.5* (23 (I,J)"2));

!Calculate the value of cumulative standard normal
probability distribution;

Pz1(I,J) = @PSN(z1l(I,J));

Pz2(I,J) = 1-@PSN(z2(I,J));

Pz3 = @PSN(z3(I,J));

@FREE (z1 (I, J));
@FREE (z3(I,J)):

z1(I,J) = (Design-Tol L-Dia(I,J))/Sigma;
z2(I,J) = (Design+Tol U-Dia(I,J))/Sigma;
z3(I,J) = (Design-Dia(I,J))/Sigma;

!calculate the Sigma; !Cpk=min[ (USL-U) / (3*Sigma), (U-
LSL)/(3*Sigma)];

Sigma = @SMIN(Sigma_1,Sigma_2);

Sigma 1 = (Design+Tol _U-Dia(I,J))* (3*Cp(I,J))"~(-1);
Sigma 2 = (Dia(I,J)—(Design—Tol_L))*(3*Cp(I,J))“(—l);
)

!if pass 3 in process 4 is chosed;
@FOR (PROCESSES(J) | J #EQ# 3 #AND# m(I,J) #EQ# 1:

C UM(I,J)=(m(3,2)*C UM(3,2)+m(3,3)*C_UM(3,3)+(Cost(I,J)+

)*C_
C_i(I,J))*(1+P2z1(I,J))+E loss(I,J))/(1-
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Pz2(I,J)):

C_S(I,J) =
m(3,2)*C_UM(3,2)+m(3,3)*C_UM(3,3)+Cost (I, J)+C_1i(I,J);
C R(I,J) = Cost(I,J)+C_i(I,J);

Cost (I,J) = Pi*L*0.001*Dia(I,J)*V(I,Jd)*(-1)*F(I,J)" (-
1)*(Cm(J)+ (C_tR+Cr*tr)* (V(I,J)~U_T(J)
*D(I,Jd)"Y_T(J)*F(I,Jd)"Z2_T(J)*K_T(J)"*(-1)*Dia(I,Jd)" (-
X_T(J3)))"W_T(D);

E loss(I,J) = Kl*Sigma* ((Design-Dia(I,J))*Yz3-
(Design+Tol L-Dia(I,J))*Yz1(I,J))+K1l*(Sigma"2+
(Design-Dia (I, J))"2)* (P23~
le(I,J))+K2*Sigma*((Design—Tol_U—Dia(I,J))*Yz2(I,J)—
(Design-Dia (I, J))*Yz3)+K2* (Sigma”2+ (Design-
Dia(I,J))"2)*(1-P22(I,J)-Pz3);

K1
K2

C_R(I,J)/(Tol_L"2);
C_S(I,J)/(Tol_U"2);

!Calculate the value of standard normal probability density
function;

Yz1(I,J) = (1/((2*Pi)"0.5))*@EXP(-0.5* (z1(I,J)"2));
Yz2(I,J) = (1/((2*Pi)"~0.5))*@EXP(-0.5*(z2(I,J)"2));
Yz3 = (1/((2*Pi)~0.5))*@EXP(-0.5*(z3(I,J)"2));

!Calculate the value of cumulative standard normal
probability distribution;

Pz1(I,J) = @PSN(z1l(I,J));

Pz2(I,J) = 1-@PSN(z2(I,J));

Pz3 = @PSN(z3(I,J));

@FREE (21 (I,J)):

@FREE (z3(I,J) )

21(I,J) = (Design-Tol L-Dia(I,J))/Sigma;
z2(I,J) = (Design+Tol U-Dia(I,J))/Sigma;

z3(I,J) = (Design-Dia(I,J))/Sigma;

lcalculate the Sigma; !Cpk=min{ (USL-U)/(3*Sigma), (U-
LSL)/(3*Sigma)];

Sigma = @SMIN(Sigma_1,Sigma_2);
Sigma 1 = (Design+Tol U-Dia(I,J))*(3*Cp(I,Jd))"(-1);
Sigma 2 (Dia(I,J) = (Design-Tol L)) *(3*Cp(I,J))"~(-1);
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) :

'if pass 2 in process 4 is chosed;
@FOR (PROCESSES(J) | J #EQ# 2 #AND# m(I,J) #EQ# 1:

C_UM(I,J)=(m(3,2)*C_UM(3,2)+m(3,3)*C_UM(3,3)+(Cost (I,J)+
C_i(I,J))* (1+Pz1(I,J))+E_loss(I,J))/(1-
Pz2(I,J));

C_S(I,J) =
m(3,2)*C_UM(3,2)+m(3,3)*C_UM(3,3)+Cost (I, J)+C_i(I,J);
C R(I,J) = Cost(I,J)+C_i(I,J);

Cost(I,J) = Pi*L*0.001*Dia(I,J)*V(I,J)"~(-1)*F(I,J)" (-
1) * (Cm (J) + (C_tB+Cr*tr) * (V(I,J) "U_T(J)
*D(I,J)"Y_T(J)*F(I,J)"Z_T(J)*K _T(J)"(-
1))"W_T(J))

E loss(I,J) = Kl*Sigma* ((Design-Dia(I,J))*Yz3-
(Design+Tol L-Dia(I,J))*Yz1(I,J))+K1l*(Sigma"2+
(Design-Dia(I,J))"2)}* (Pz3-
Pz1(I,J))+K2*Sigma* ( (Design-Tol_U-Dia(I,J))*Yz2(I,J)-
(Design-Dia(I,J))*Yz3)+K2* (Sigma"2+ (Design-
Dia(I,J))"2)*(1-Pz2(I,J)-Pz3);

K1l
K2

C_R(I,J)/(Tol_L"2);
C_S(I,J)/(Tol_U"2);

!Calculate the value of standard normal probability density
function;

Yz1(I,J) (1/((2*Pi)~0.5)) *@EXP(-0.5* (z1(I,J)"
Yz2 (I, J) (1/((2*Pi)~0.5) ) *@EXP (-0.5* (z2(I,J)"
Yz3 = (1/((2*Pi)~0.5))*@EXP(-0.5% (z3(I,J)"2));

)
)

ICalculate the value of cumulative standard normal
probability distribution;

Pz1(I,J) @PSN(z1(I,J));
Pz2(I,Jd) = 1-@PSN(z2(I,J)):
Pz3 = @PSN(z3(I,J)):;

I

@FREE(zl( J)):
@FREE (z3 (I, Jd)):
z1(1,J) = (De81gn Tol L-Dia(I,J))/Sigma;
2z2(I,J) = (Design+Tol_ “U-Dia(I,J))/Sigma;
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z3(I,J) = (Design-Dia(I,J))/Sigma;

!calculate the Sigma; !Cpk=min{ (USL-U)/(3*Sigma), (U-
LSL)/ (3*Sigma)]:

Sigma = @SMIN(Sigma 1,Sigma_2);
Sigma_1 = (Design+Tol U-Dia(I,J))*(3*Cp(I,J))"(-1);
Sigma 2 (Dia(I, J)-(Design-Tol L))*(3*Cp(I,J))"(-1);

) :
)2

!1imit the diameters relationship between processes;
@GFOR (STAGES(I) | I #GE# 2:

@SUM (PROCESSES(J): m(I,J)*(Dia(I,J)-2*D(I,Jd)))
= @SUM (PROCESSES(H): m(I-1,H)*Dia(I-1,H));

) ;

!let the last process's diameter equal to the working
diameter;

@FOR (STAGES(I) | I #EQ# 4:
@FOR (PROCESSES(J) | m(I,J) #EQ# 1:

Dia(I,J) - U =0;
e L L The following section is used to set constraits-

!process parameter constraints;

@FOR ( LINKS(I,J)| m(I,J) #EQ# 1:

@BND (VL(I,J),V(I,J),VU(I,J)); !process speed
restriction; :

@BND (FL(I,J),F(I,J),FU(I,J)); !process feed
rate restriction;

@BND (DL (I, J),D(I,J),DU(I,J)); !process depth
restriction;

@BND (tL(I,J),t(I,J),tU(I,J)); !process

tolerance restriction;
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)
!machining allowance constraints;
@FOR (STAGES(I) | I #GE# 2:
(@SUM (PROCESSES(J): m(I,J)*(Dia(I,J)-t(I,J)-
2*DL(I,J)))-
@SUM (PROCESSES(H): m(I-1,H)*(Dia(I-1,H)+t(I-
1,H))))/2 >= 0;
(@SUM (PROCESSES(J): m(I,J)*(Dia(I,J)+t(I,J)-
2*DU(I,J)))-
@SUM (PROCESSES (H): m(I-1,H)*(Dia(I-1,H)-t(I-
1,H))))/2 <= 0;
)i

!functionality requirement constraints;

@FOR (STAGES(I) | I #EQ# 4:
@FOR (PROCESSES(J) | m(I,J) #EQ# 1:

U >= Design-Tol L+t (I,J);
U <= Design+Tol U-t(I,Jd);

) ;
)2

!process total depth of cut constraints;
2*@SUM(LINKS(I,J) | I #GE# 2: m(I,J)*D(I,J))+Dia(l,1) = U;
!constraints for product quality requirement;
@FOR (STAGES(I) | I #EQ# 4:
@QFOR (PROCESSES (J) | m(I,J) H#EQ# 1:

1-Pz1(1,J)-Pz2{I,J) >= l-al;

— —
~s “we

I¥**xxxxxxx*xconstraints of cutting force,power, torque and
surface roughness***x%xkx*

!calculate the Cutting force, torque and power of drilling
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process;

@FOR (STAGES(I) | I #EQ# 1:
@FOR (PROCESSES(J) | J #EQ# 1 #AND# m(I,J) #EQ# 1:

K_F(J)*Dia(I,J)"X_F(J)*F(I,J)"Z_F(J) = Force(I,J);
K _M(J)*Dia(I,J) "X M(J)*F(I,J)"Z M(J) Torque (I, J):;
Force(I,J) <= Fmax(J):
Power (I,J) =
Force(I,J) *Torque(I,J)/(7018760*1.36*1000) ;
Power (I, J) <= Pmax(J);

) :

)

!calculate the Cutting force,power of boring processes;

@FOR (STAGES(I) | I #GE# 2:
@FOR ( PROCESSES(J) | J #EQ# 2 #AND# m(I,J) #EQ# 1:
K_F(J)*Dia(I,J)AX_F(J)*D(I,J)“Y_F(J)*F(I,J)AZ_F(J) =
Force(I,J):
Bp*V (I, J)~alphap*F(I,J) “betap*D(I,J)~gammap =
Power (I, J):
Force (I, J) <= Fmax{(J):;
Power (I,J) <= Pmax(J):

.
4

)
) ;
!calculate the Cutting force, turque and power of reaming
processes;

@FOR (STAGES(I) | I #GE# 3:
@FOR ( PROCESSES(J) | J #EQ# 3 #AND# m(I,J) #EQ# 1:
K_F(J)*Dia(I,J)"X_F(J)*D(I,J)"Y_F(J)*F(I,J)"Z_F(J)
Force (I, J):;
K M(J)*Dia(I,J)"X_M(J)*D(I,J)"Y M(J)*F(I,J)"Z_M(J)
Torque (I, Jd);
Force(I,J) <= Fmax(J);
Power(I,J) = Force(I,J)*Torque(l,J)/(7018760*1.36);
Power(I,J) <= Pmax(J);

) :

)

!calculate the Cutting force,power and surface roughness of
grinding processes;

@FOR (STAGES(I) | I #GE# 4:
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@FOR ( PROCESSES(J) | J #EQ# 4 #AND# m(I,J) #EQ# 1:
58.8*E* (V(I,J)*F(I,J)*D(I,J))"0.7*0.8%1.25*V_Gs" (-1)
Force(I,J);
0.98*(V(1,J)*F(I,J)*D(I,J))"0.7*0.8*1.25 =
Power (I, Jd);
0.2*(v(I,J)*D(I,J)*V_Gs*(-1))"0.5*D_dr"~0.25*S_d"0.5

RG;
Force(I,Jd) <= Fmax(J);
Power(I,Jd) <= Pmax(J);
RG <= RGmax;

)i

)i

END
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Appendix D

Source code in Lingo language for Example 3

!This cost model 2 for an assembly including one single
characteristic (piston and cylinder) is presented.

The inputs are based on all practical data from handbooks
and reliable sources;

MODEL:
SETS:

COMPONENT /1..2/:
TOL,Sigma,L,D_s,D_dr,C_Tm,V_Gs,B,A,Design,Kl,KZ,al,C_u;
STAGES /1..4/;

PROCESSES /1..4/:

K T,U_T,XT,YT,2TWTKFXFYFZFKMXMYMZM;
PLINKS (COMPONENT, PROCESSES) : Cm, FMAX, PMAX,E loss;

MLINKS (STAGES, PROCESSES) : Force, Torque, power;

LINKS (COMPONENT, STAGES, PROCESSES) :m, t,V, F,D,Dia, Cost, tL, tU,
FL, FU, VL, VU, DL, DU,

C_UM,Cp,C_i,Pz2,Pzl;

ENDSETS

L = 60 100; 'the dimension of the raw bar;
Do = 68.0;

Design = 50.8 50.856; !design target;

al = 0.055 0.053;

pi = 3.1415926;

Cp=1.2000 !The process capability index of each

pass for piston;
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!depth of cut lower limit for component

!depth of cut lower limit for component

0
07 0.005;

tdepth of cut upper limit for component

!depth of cut upper limit for component

!tolerance lower limit for component
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0.178 0 0 O 'tolerance lower limit for component
2 (cylinder);

0 0.076 0 O

0 0.015 0.014 ©

0 0.01 0.009 0.008;

tU = 0.508 0 0 O !tolerance upper limit for component
1 (piston);
0.305 000
0 0.076 0 O
0 0.025 0 O
0.508 0 0 O
2 (cylinder);
0 0.305 00
0 0.127 0.126 O
0 0.07 0.06 0.05;

!tolerance upper limit for component

VL =50 00 0 !speed lower limit for component
1 (piston);

140 0 0 O

0 1000

02000

70 0 0 O !speed lower limit for component

0 110

VU =130 0 0 O !speed upper limit for component
1 (piston);

200 0 0 O

02500

0 40 0 0

110 0 0 O !speed upper limit for component
2 (cylinder);

0 140 0 0

0 160 12 0

0 170 20 45;

FL = 0.5 0 0 O !feed rate lower limit for component
l(piston):;

0.1 000

0 6.000

01.000

0.2 000 !feed rate lower limit for component
2 (cylinder);

0 0.500
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0 0.1 0.8 0

0 0.06 0.5 2.0;
FU=1.0000 !feed rate upper limit for component
1 (piston);

0.4 000

0 12.0 0 0

0 6.000

0.6 000 !feed rate upper limit for component
2 (cylinder) ;

01.000

0 0.4 2.00

0 0.2 1.0 8.0;
Cu=16 32; !The unit raw material
cost (§);
Cr = 1.0; !The tool replacement cost($) for
turning process;
tr=1; !The tool replacement time (min);
Ct = 3.0; !The tool cost for turning
process ($/edge) ;
CtB=17; !The boring insert cost for boring
process ($/each) ;
C_tR = 282; !The tool cost for reaming

process ($/each);

Cm=1.0500 'unit machining cost for component
1 (piston);

2 3 35; 'unit machining cost for component
2(cylinder);
C d= 10; !The unit dressing cost ($/min);

D_s = 355.6 35; !The diameter of the grinding wheels for
component 1,2 (mm);

D dr = 0.02 0.01; !Dressing depth for component 1,2 (mm);
S_d = 0.15; !The dressing lead;

V_Gs = 1800 2400; !The speed of grinding wheel surface
(m/min) ;

B = 25.4 10; 'The width of grinding wheel for
component 1,2;

KG=2.4; !Constants for grinding wheel
life;

A = 0.01 0.005; !Grinding wear for component 1,2;
E = 0.75; 'Machine tool efficiency;

Bt = 847288609443; !empirical turning parameters in the
tool life equation;
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alphat = 5.0;
betat = 2.0;
gammat = 0.75;

Bf = 0.9; 'empirical parameters in the turning
force equation;

alphaf = 0.0;

betaf = 0.75;

gammaf = 1.0;

Bp = 0.02; lempirical parameters in the power
consumption equation;

alphap = 1.0;

betap = 0.75;

gammap = 1;

Br = 122; '!empirical turning parameters in the surface
roughness equation;

alphar = -1.52;

betar = 1.004;

gammar = 0;

eta = -0.714;

theta = -0.323;

BHN = 195;

r =1;

KT=42.3, 292, 15.1, O; lempirical constants in the
tool life equation;

X T=0.5 0, 0.2, 0;

vuTrT=1,1, 1, 0;

YT=20, 0.15, 0.1, 0O;

ZT=20.5 0.2, 0.5 0;

WT 2.5, 5, 3.33, 0;

K F = 418, 900, 233, 0; lempirical parameters in the
processes' force equation;
XF=11.2, 0, 0, O;

YF=20, 1.0, 1.2, 0;

Zz F=20.75, 0.75, 0.4, 0;

KM= 120, 0, 846, O; lempirical parameters in the
torque equation;

XM=2.2, 0, 1, 0;

YM=20, 0, 0.75, 0;

ZM=20.8 0, 0.8, 0;

Fmax = 4.5 1.5 0 0
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20000 4500 20000 1.5;

Pmax = 10 12 0 O
10 10 10 12;

m=10 0 0 !enumerate all possible process choice for
component 1 (piston);

1 000

0100

0100

1 0 0 0 !enumerate all possible process choice for
component 2 (cylinder);

0100

0110

0111,

RGFmax = 0.00125;
RGRmax 0.0025;
RTFmax 0.0032;
RGmax = 0.00125;

ENDDATA
INIT:
t = 0.416 0 0 O 'tolerance for component 1;
0.092 0 0 O
0 0.035 00
0 0.010 0 O
0.3000 !tolerance for component 2;
0 0.1 00
0 0.05 00
0 0 0 0.008;
n=1;
m=1000
1 000
0100
0100
1 000
0100
0100
0001;
F=0.7000
0.3 000
0 8.0 00
04.000
0.4 000
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0 0.200

00.100

0 00 6.0;
D=3.9000

0.6 000

0 0.1500

0 0.0495 0 O

0000

0300

0 0.4 00

0 0 0 0.03;
V=950000

170 0 0 ©

018 0 0

03500

90 0 0 O

0 130 0 O

0 150 0 O

0 0 0 30;
ENDINIT
ettt here is the objection function --------
!MIN = P_cost; !The first objective function;
'Max = Sum_tol; !The second objective function;
Max = Dummy; 'Fuzzy GP;

Sum_tol = @SUM( LINKS{(H,I,J): m(H,I,J)*t(H,I,J) ):
P cost = RSUM(LINKS(H,I,J) | I #EQ# 4:
m(H,I,J)*C_UM(H,I,J) );

!DUMMY <= (Sum_tol-0.472)/1.294; !Fuzzy GP;
!DUMMY <= (72.97039-P_cost)/2.05029;

DUMMY <= (Sum_tol-0.472)/1.294; !Fuzzy GP;
DUMMY <= (72.91754-P cost)/1.99744;

!1)calculate the machining cost of rough turning pass;
@FOR (COMPONENT (H) | H #EQ# 1:

@FOR (STAGES(I) | I #EQ# 1:
@FOR (PROCESSES(J) | J #EQ# 1 #AND# m(H,I,J) #EQ# 1:
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C UM(H,I,J) =
(C_u(H)+(Cost(H,I,J)+C_i(H,I,J))*(1+Pz2(H,I,J)))/(1-
Pz1(H,I,J)):

Cost(H,I,Jd) = Pi*L(H)*0.001*Bt" (-
1)*(Cm(H,J)*Bt*V(H,I,J)"(-1)*F(H,I,J)"(-
1)+V(H,I,J)"(alphat-1)*F(H,I,J)" (betat-
1)*D(H,I,J)~gammat* (Ct+Cr*tr))* (n*Do-n*(n-1)*D(H,I,J));

Pz1(H,I,J) = @PSN(zl);
Pz2(H,I,J) 1-@PSN(z2) ;

@FREE (z1) ;
zl = -3*Cp(H,I,J);
z2 = 3*Cp(H,I,J);

)
)
)

e “we “o

!12)Calculate the machining cost of finish turning pass:;

@FOR (COMPONENT (H) | H #EQ# 1:
@FOR (STAGES(I) | I #EQ# 2:
@FOR (PROCESSES(J) | J #EQ# 1 #AND# m(H,I,J) #EQ# 1:

C_ UM(H,I,J) =
(C_UM(1,1,1)+(Cost(H,I,J)+C_i(H,I,J))* (1+P2z2(H,I,J)))/(1-
Pz1(H,I,J));

Cost(H,I,Jd) = Pi*L(H)*0.001*Bt" (-
1)*(Cm(H, J) *Bt*V(H,I,J)"(-1)*F(H,I,J)" (-
1)+V(H,I,J) " (alphat-1)*F(H,I,J)" (betat-
1)*D(H,I,J)*gammat* (Ct+Cr*tr))* (Dia(H,I,J)+2*D(H,I,Jd)):

Pz1(H,I,J) = @PSN(zll);
Pz2(H,I,Jd) 1-@PSN (z21);

@FREE (z11) ;
z1l = -3*Cp(H,I,J);
z21 = 3*Cp(H,I,J);

— —
e W

AT
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!3)Calculate the machining cost of grinding passes;

@FOR (COMPONENT (H) | H #EQ# 1:
@FOR (STAGES(I) | I #EQ# 3:
@FOR (PROCESSES(J) | J #EQ# 2 #AND# m(H,I,J) #EQ# 1:

C_UM(H,I,J) =
(C_UM(1,2,1)+(Cost(H,I,J)+C i(H,I,J))*(1+P2z2(H,I,J)))/(1-
Pz1(H,I,J));

Cost(H,I,J)=Cm(H,J)*Pi* (Dia(H,I,J)+2*D(H,I,J))*L(H)*0.001*V
(HIIIJ)A(_l)*F(HIIIJ)A(_

1)+ (C_d+Cr*tr)*K G*L(H)*(Dia(H,I,J)+2*D(H,I,J))*(D(H,I,J)"1
.2)*(V(H,I,J3)70.2)/(1000*A(H)*D s(H)*F(H,I,J)*(V_Gs(H)"0.2)
) :

Pz1 (H,I,J)
Pz2(H, I, Jd)

@PSN (z12);
1-@PSN(z22);

QFREE (z12) ;
z12 = -3*Cp(H,I,J);
222 3*Cp(H,I,J):

)
)
)

- - -

@FOR (COMPONENT (H) | H #EQ# 1:
@FOR (STAGES(I) | I #EQ# 4:
@FOR (PROCESSES(J) | J #EQ# 2 #AND# m(H,I,J) #EQ# 1:

C_ UM(H,I,J) =
(C_UM(1,3,2)+(Cost(H,I,J)+C_i(H,I,J))*(1+Pz2(H,I,J))+E loss
(H,J))/(1-Pz1(H,I,TJ));

Cost (H,I,J)=Cm(H,J)*Pi* (Dia(H,I,J)+2*D(H,I,J))*L(H)*0.001*V
(H,I,J)"(-1)*F(H,I,J)" (-
l)+(C_d+Cr*tr)*K_G*L(H)*(Dia(H,I,J)+2*D(H,I,J))*(D(H,I,J)Al
.2)*(V(H,I,J)~0.2)/(1000*A(H)*D_s (H)*F(H,I,J)*(V_Gs(H)"0.2)
)2

'here, calculate the expected loss:;
E loss(H,J) = K1l (H)*Sigma(H)* (-
Tol(H)*((1/((2*Pi)~0.5)) *Q@EXP (-
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0.5*%(z172))))+K1(H)*Sigma (H) ~2
*(0.5-Pz1(H,I,J))+K2 (H)*Sigma (H) * (-

Tol (H))* ((1/ ((2*Pi)~0.5)) *@EXP (-0.5* (z2°2)))
+K2 (H) * (Sigma (H) ~2) * (1-Pz2 (H, I,J)-0.5);

K1 (H) = (C_UM(l,3,2)+Cost(H,I,J)+C_i(H,I,J))/(Tol(H)A2);
K2 (H) (Cost(H,I,J)+C i(H,I,J))/(Tol(H)"2);

!Calculate the value of standard normal probability density
function;

1l

Pz1(H,I,J)
Pz2(H,I,J)

@PSN(z13);
1-@PSN(z23);

tCalculate the value of cumulative standard normal
probability distribution;

@FREE (213) ;
z13 (-Tol(H))/Sigma (H);
223 = Tol (H)/Sigma (H);

Sigma(H) = Tol(H)*(3*Cp(H,I,J))"(-1); !calculate the
Sigma;

~ -

)
)
);
e calculate the machining cost of component 2
(cylinder)----------- ;

!1)calculate the machining cost of drilling process;

@FOR (COMPONENT (H) | H #EQ# 2:
@FOR ( STAGES(I) | I #EQ# 1:
@FOR (PROCESSES(J) | J #EQ# 1 #AND# m(H,I,J) #EQ# 1:

C_ UM(H,I,J) =
(C_u(H)+(Cost (H,I,J)+C_i(H,I,J))*(1+Pz1(H,I,J)))/(1-
Pz2(H,I,Jd)):

Cost(H,I,J) = Pi*L(H)*0.001*Dia(H,I,J)*V(H,I,J)" (-
1)*F(H,I,J)"(-1)*(Cm(H,J)+((-66.48+13.467*Dia(H,I,J)~
0.8633*Dia(H,I,J)~2+0.0237*Dia(H,I,J)"3-
0.000206*Dia (H,I,J)"4)+Cr*tr)*(V(H,I,J)"U_T(J)*F(H,I,J)"2_T
(J)*K_T(J)~(-1)*Dia(H,I,J)"(-X_T(J)))"W_T(J));
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Pz1(H,I,Jd) = @PSN(z1l4);
Pz2(H,I,J) 1-@PSN (z24):;

n

@QFREE (z14) ;
z14 = —3*Cp(H;I:J);
224 = 3*Cp(H;I;J);

)
)
)

- - -

!2)calculate the machining cost of rough, semi-finish and
finish boring process;

@FOR (COMPONENT (H) | H #EQ# 2:
- @FOR (STAGES(I) | I #EQ# 2:
@FOR (PROCESSES(J) | J #EQ# 2 #AND# m(H,I,J) #EQ# 1:

C UM(H,I,J) =
(C_UM(2,1,1)+(Cost(H,I,J)+C_i(H,I,J))* (1+Pz1(H,I,J)))/(1-
Pz2(H,I,J));

Cost(H,I,J) = Pi*L(H)*0.001*Dia(H,I,J)*V(H, I,J)"(-
1)*F(H,I,J)" (=

1)*(Cm(H, J)+ (C_tB+Cr*tr)* (V(H,I,J) "U_T(J)*D(H,I,J) Y _T(J)*F
(H, I,J)"Z_T(J)*K_T(J)"~(=1))"W_T(J)):

Pz1(H,I,J) = @PSN(zl)5);
Pz2(H,I,J) 1-@PSN(z25);

@FREE (z15) ;
z15 = -3*Cp(H,1,J);
225 = 3*Cp(H,I,J);

)
)
)

e we we

@FOR (COMPONENT (H) | H #EQ# 2:
@FOR (STAGES(I) | I #EQ# 3:
@FOR (PROCESSES(J) | J #EQ# 2 #AND# m(H,I,J) H#EQ# 1:

C_ UM(H,I,J) =
(C_UM(2,2,2)+(Cost (H,I,J)+C_i(H,I,J))* (1+Pz1(H,I,J)))/(1-
Pz2(H,I,Jd)):

Cost(H,I,J) = Pi*L(H)*0.001*Dia(H,I,J)*V(H,I,J)" (-
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1)*F(H,I,J)"(~
1) * (Cm(H, J) + (C_tB+Cr*tr)* (V(H,I,J)"U_T(J)*D(H, I, J)"Y_T(J)*F
(H,I,J)7Z2_T(J)*K_T(J)"(-1))"W_T(J));

Pz1(H,I,J) = @GPSN(zl6);
Pz2 (H, I, J) 1-Q@PSN (z26) ;

@FREE (z16) ;
216 = -3*Cp(H,I,J);
226 = 3*Cp(H,I,J);

—
e We “wo

!3)calculate the machining cost of semi-finish and finish
reaming pass;

@FOR (COMPONENT (H) | H #EQ# 2:
@FOR (STAGES(I) | I #EQ# 3
@FOR (PROCESSES(J) | J #EQ# 3 #AND# m(H,I,J) #EQ# 1

C_UM(H,I,J) =
(C_UM(2,2,2)+(Cost (H,I,J)+C_i(H,I,J))*(1+Pz1(H,I,J)))/(1-
Pz2(H,I,J));

Cost(H,I,J) = Pi*L(H)*0.001*Dia(H,I,J)*V(H,I,J)" (-
1)*F(H,I,d)" (-
1) * (Cm(H, J)+ (C_tR+Cr*tr)* (V(H,I,J)~U_T(J)*D(H,I,J)"Y_T(J)*F
(H,I,J)72_T(J)*K_T(J)"(-1)*Dia(H,I,J)"(-X_T(J)))"W_T(J));

Pz1(H,I,J) = @PSN(z17);
Pz2(H,I,J) 1-@PSN(z27) ;

QFREE (z17) ;
z17 = -3*Cp(H,I,J);
z27 = 3*Cp(H,I,J);

— e
e we “we

'4)calculate the machining cost of grinding pass;

@FOR (COMPONENT (H) | H #EQ# 2:
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@FOR (STAGES(I) | I #EQ# 4:
@FOR (PROCESSES(J) | J #EQ# 4 #AND# m(H,I,J) #EQ# 1:

C UM(H,I,J) =
(m(2,3,2)*C_UM(2,3,2)+m(2,3,3)*C_UM(2, 3,3)+(Cost (H,I,J)+C_i
(H,I,J))*(1+Pz1(H,I,J))+E loss(H,J))/(1-Pz2(H,1,J));

Cost (H, I, J)=Cm(H,J)*Pi* (Dia(H,I,J)-
2*D(H,I,J))*L(H)*0.001*V(H,I,J)~(~1)*F(H,I,J)" (-

1)+ (C_d+Cr*tr) *K_G*L (H) * (Dia (H, I, J) -
2*D(H,I,J))*(D(H,I,J)~1.2)* (V(H,1,J)~0.2)/(1000*A (H)*D_s (H)
*F(H,I,J)*(V_Gs(H)"0.2));

'here, calculate the expected loss;

E loss(H,J) = K1(H)*Sigma (H)* (-

Tol (H)*((1/((2*Pi)"0.5)) *@EXP (-
0.5*(z172))))+K1 (H) *Sigma (H) ~2* (0. 5-
Pz1(H,I,J))+K2(H)*Sigma (H)* (-

Tol (H))* ((1/((2*Pi)"0.5)) *QEXP (-
0.5*(z272)))+K2 (H) * (Sigma (H)~2) * (1-P22 (H,I,J)-0.5);

K1 (H)
K2 (H)
(m(2,3,2)*C_UM(2,3,2)+m(2,3,3) *C_UM(2,3,3)+Cost (H,I,J)+C_i (
H,I,J))/(Tol(H)"2);

(Cost(H,I,J)+C i(H,I,J))/(Tol(H)"2);

!Calculate the value of cumulative standard normal
probability distribution;

Pz1 (H,I,J)
Pz2(H,I,J)

@PSN(z18);
1-@PSN(z28);

@FREE (z18) ;

z18 = (-Tol(H))/Sigma (H)
z28 = Tol (H)/Sigma (H);
Sigma (H) = Tol(H)* (3*Cp(H,I,J))"(-1); !tcalculate the
Sigma;
)i
@FOR (PROCESSES(J) | J #EQ# 3 #AND# m(H,I,J) #EQ# 1:
C_UM(H,I,J)

(m(2,3,2)*C_UM

(2,3 )+m(2 3,3)*C_UM(2,3,3)+(Cost (H,I,J)+C_ i
(H,I,J))*(1+Pz1(H

J))+E_loss(H,J))/(1-Pz2(H,I,J));
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Cost(H,I,J) = Pi*L(H)*0.001*Dia(H,I,J)*V(H,I,J)" (-
1)*F(HIIIJ)A(_
1) * (Cm(H, J) + (C_tR+Cr*tr) * (V(H,I,J)~U_T(J)*D(H,I,J)"Y_T(J)*F
(H,I,J)%Z_T(J)*K_T(J)~(-1)*Dia(H,I,J)"(-X_T(J)))"W_T(J));

'here, calculate the expected loss;

E loss(H,J) = K1 (H)*Sigma(H)* (-

Tol (H)* ((1/((2*Pi)~0.5)) *QEXP (-
0.5%(z172))))+K1 (H)*Sigma (H) *2* (0.5-
Pz1(H,I,J))+K2(H)*Sigma (H)* (-

Tol (H))*((1/((2*Pi)~0.5)) *QREXP (-
0.5*(z272)))+K2 (H) * (Sigma (H) ~2)* (1-P2z2(H,I,J)-0.5);

K1(H) = (Cost(H,I,J)+C i(H,I,J))/(Tol(H)"2);

K2 (H) =
(m(2,3,2)*C_UM(2,3,2)+m(2,3,3)*C_UM(2,3,3)+Cost (H,I,J)+C_1i(
H,I,J))/(Tol(H)"2);

!Calculate the value of cumulative standard normal
probability distribution;

Pz1(H,I,J)
Pz2(H,I,J)

@PSN(z19);
1-@PSN(z29);

@FREE (z19) ;

z19 = (-Tol(H))/Sigma(H);
229 = Tol (H)/Sigma (H);
Sigma(H) = Tol(H)*(3*Cp(H,I,J))"(-1); lcalculate the
Sigma;
) ;
@FOR (PROCESSES(J) | J #EQ# 2 #AND# m(H,I,J) #EQ# 1:
C_UM(H,I,J) =

(m(2,3,2)*C_UM(2,3,2)+m(2,3,3)*C_UM(2,3,3)+(Cost(H,I,J)+C_1
(H,I,J))*(1+Pz1(H,I,J))+E_loss(H,J))/(1-Pz2(H,I,J)):

Cost(H,I,J) = Pi*L(H)*0.001*Dia(H,I,J)*V(H,I,J)" (-
1)*F(H,I,J)A(-

1) * (Cm(H, J)+(C_tB+Cr*tr)*(V(H,I,J)"U_T(J)*D(H,I,J)"Y_T(J)*F
(H,I,J3)"Z_T(J)*K_T(J)"(-1))"*W_T(J));

'there, calculate the expected loss;
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E loss(H,J) = K1 (H) *Sigma (H) * (-

Tol (H)* ((1/((2*Pi)~0.5)) *@EXP (-
0.5*(2172))))+K1(H)*Sigma (H)"~2* (0.5-
Pz1(H,I,J))+K2(H)*Sigma (H)* (-
Tol(H))*((1/((2*Pi)~0.5)) *CGEXP (-

0.5* (z272)))+K2 (H) * (Sigma (H) ~2) * (1-Pz2(H,I,J)-0.5);

K1 (H) = (Cost(H,I,J)+C_i(H,I,J))/(Tol(H)"2);

K2 (H) =
(m(2,3,2)*C_UM(2,3,2)+m(2,3,3)*C_UM(2,3,3)+Cost (H,I,J)+C_1i(
H,1,J))/(Tol(H)"2);

ICalculate the value of cumulative standard normal
probability distribution;

Pz1(H,I,J)
Pz2(H,I,J)

@PSN(z110);
1-@PSN (z210);

@FREE (z110) ;
z110 (-Tol (H))/Sigma (H);
2210 Tol (H) /Sigma (H) ;

Sigma(H) = Tol(H)*(3*Cp(H,I,J))"(-1); !calculate the
Sigma;

)
)
)

- - ~

@GIN(n);
@FOR( LINKS: @BIN(m)):;

'constraints for product quality requirement;

@FOR (COMPONENT (H) :
@FOR (STAGES(I) | I #EQ# 4:
@FOR (PROCESSES (J) | m(H,I,J) #EQ# 1:

~—
Ne Ne N
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@FOR (COMPONENT (H) :
@FOR (STAGES(I):
@SUM (PROCESSES (J) :m(H,I,J)) = 1;

!@FOR (COMPONENT (H) | H #EQ# 1:
@FOR (STAGES(I):
@SUM(PROCESSES (J) :m(H,I,J)*t(H,I,J)) <= 0.012;
')
vy
t(1,4,2) <= 0.013;
1t(1,4,2) < t(1,3,2);

m(2,4,2)*t(2,4,2)+ m(2,4,3)*t(2,4,3)+ m(2,4,4)*t(2,4,4) <=
0.014;

@FOR ( LINKS(H,I,J) | m(H,I,J) #EQ# O:

V(H,I,J)=0;
F(H,I,J)=0;
D(H,I,J)=0;
t(H,I,J)=0;

);

!let the last process's diameter equal to the working
diameter;

@FOR (COMPONENT (H) :
@FOR (STAGES(I) | I #EQ# 4:
@FOR (PROCESSES(J) | m(H,I,J) #EQ# 1:

Dia(H,I,J) = Design(H);
Tol(H) = t(H,I,J);

~ ~

.
’

)
)
)

!@FOR (COMPONENT (H) :
@FOR (STAGES(I) | I #EQ# 4:

@SUM (PROCESSES(J): m(H,I,J)*t(H,I,J))
< @SUM (PROCESSES(L): m(H,I-1,L)*tL(H,I-1,L));
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1),
1)

!process parameter constraints;

@FOR ( LINKS(H,I,J)| m(H,I,J) #EQ# 1:

@BND(VL(H,I,J),V(H,I,J),VU(H,I,d)): !process speed
restriction;

@BND (FL(H,I,J),F(H,1,J),FU(H,I,J)): !process feed rate
restriction;

@BND(DL(H,I,J),D(H,I,J),DU(H,I,J)); !process depth
restriction;

@BND(tL(H,I1,J),t(H,I,J),tU(H,I,d)); !process tolerance
restriction;

)i
Dia(l1,1,1) = Do - 2*n*D(1,1,1);
!limit the diameters relationship between two processes;

@FOR (COMPONENT (H) | H #EQ# 1:
@FOR (STAGES(I) | I #GE# 2:

@SUM (PROCESSES(J): m(H,I,J)*(Dia(H,I,J)+2*D(H,I,Jd)))
= @SUM (PROCESSES(L): m(H,I-1,L)*Dia(H,I-1,L));

’

)
)

@FOR (COMPONENT (H) | H #EQ# 2:
@FOR (STAGES(I) | I #GE# 2:

@SUM (PROCESSES(J): m(H,I,J)*(Dia(H,I,J)-2*D(H,I,J)))
= @SUM (PROCESSES(L): m(H,I-1,L)*Dia(H,I-1,L));

)
)i
!machining allowance constraints;

@FOR (COMPONENT (H) | H #EQ# 2:
@FOR (STAGES(I) | I #GE# 2:

(@SUM (PROCESSES(J): m(H,I,J)*(Dia(H,I,Jd)-t(H,I,J)~-
2*DL(HIIIJ) ) )_
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@SUM (PROCESSES(L): m(H,I-1,L)*(Dia(H,I-1,L)+t(H,I-
1,1))))/2 >= 0;

(€SUM (PROCESSES(J): m(H,I,J)*(Dia(H,I,J)+t(H,I,J)-
2*DU(H,I,J)))-

@SUM (PROCESSES(L): m(H,I-1,L)*(Dia(H,I-1,L)-t(H, I~
1,L))))/2 <= 0;

)
)
@FOR (COMPONENT (H) | H #EQ# 1:
@FOR (STAGES(I) | I #GE# 2:
(@SUM (PROCESSES(J): m(H,I-1,J)*(Dia(H,I-1,J)-t(H,I-
1,3)))-
@SUM (PROCESSES (L) :
m(H,I,L)*(Dia(H,I,L)+t(H,I,L)+2*DL{(H,I,L))))/2 >= 0;
(@SUM (PROCESSES(J): m(H,I-1,J)*(Dia(H,I-1,J)+t(H, I-
1,3)))-
@SUM (PROCESSES(L): m(H,I,L)*(Dia(H,I,L)-
t(H,I,L)+2*DU(H,I,L))))/2 <= 0
)2
)2
!Constraints WC;
@SUM( LINKS(H,I,J) | I #EQ# 4: m(H,I,J)*t(H,I,J) ) <= T A;

!Constraints RSS;

! (@SUM( LINKS(H,I,J) | I #EQ# 4:
m(H,I,J)*(t(H,I,J))"2 ))"0.5 <= T A;

!process total depth of cut constraints;
@FOR (COMPONENT (H) | H #EQ# 1:

Design (H) +2*@SUM(MLINKS(I,J) | I #GE# 2:
m{(H,I,J)*D(H,I,J))+2*n*D(1,1,1) = Do;

) ;

@FOR (COMPONENT (H) | H #EQ# 2:
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2*Q@SUM(MLINKS(I,Jd) | I #GE# 2: m(H,I,J)*D(H,I,J))+Dia(2,1,1)
= Design (H):;

)

!constraints of cutting force,power,and surface roughness
for component 1;

@FOR (COMPONENT (H) | H #EQ# 1:
@FOR ( STAGES(I) | I #LE# 2:
@FOR (PROCESSES(J) | J #EQ# 1 #AND# m(H,I,J) #EQ# 1:

A Bf*V(H,I,J)~alphaf*F(H,I,J) "betaf*D(H, I, J) "gammaf <=
Fmax (H, J) ;

Bp*V(H, I, J)"alphap*F(H,I,J)"betap*D(H,I,J) "gammap <=
Pmax (H, J) ;

)
)
)

- - -

@FOR (COMPONENT (H) | H #EQ# 1:
@FOR ( STAGES(I) | I #EQ# 2:
@FOR (PROCESSES(J) | J #EQ# 1 #AND# m(H,I,J) #EQ# 1:

Br*r~eta*BHN" (theta) *V(H, I, J)~alphar*F(H, I,J) "betar <=
RTFmax;

.
’

)
).
)

-

@FOR (COMPONENT (H) | H #EQ# 1:
@FOR ( STAGES(I) | I #EQ# 3:
@FOR (PROCESSES(J) | J #EQ# 2 #AND# m(H,I,J) #EQ# 1:

86.4*E*(V(H,I,J)*F(H,I,J)*D(H,I,J))"0.7*%0.8*1.05*V_Gs (H) " (-
1) <= Fmax (H,J):
1.44*(V(H,I,J)*F(H,I,J)*D(H,I,J))"0.7*0.8*1.05 <= Pmax(H,J);
0.2*(V(H,I,J)*D(H,I,J)*V_Gs(H)" (-

1))70.5*D_dr (H)*0.25*S_d"0.5+R_slackl = RGRmax;

- -

)
)
)

~

@FOR (COMPONENT (H) | H #EQ# 1:
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@FOR ( STAGES(I) | I #EQ# 4:
@FOR (PROCESSES(J) | J #EQ# 2:

86.4*E* (V(H,I,J)*F(H,I,J)*D(H,I,J))"0.7*%0.8*%1.05*V_Gs (H) " (-
1) <= Fmax(H,J):
1.44*(V(H,I,J)*F(H,I1,J)*D(H,I,J))"0.7%0.8*%1.05 <= Pmax(H,J);
0.2*(V(H,I,J)*D(H,I,J)*V_Gs(H)" (-
1))70.5*D_dr(H)~0.25*S_d"0.5+R_slack2 = RGFmax;

- -

.
4

)
)
)
!constraints of cutting force,power,and surface roughness
for component 2;

tcalculate the Cutting force, torque and power of drilling
process;

@FOR (COMPONENT (H) | H #EQ# 2:
@FOR (STAGES(I) | I #EQ# 1:
@FOR (PROCESSES(J) | J #EQ# 1 #AND# m(H,I,J) #EQ# 1:

K F(J)*Dia(H,I,J)"X F(J)*F(H,I,J)"2 F(J) = Force(I,J):;
K_M(J)*Dia(H,I,J) X M(J)*F(H,I,J)~Z M(J) = Torque(I,J);
Force(I,J) <= Fmax(H,J):
Power (I,J) =
Force (I, J)*Torque(I,J)/(7018760*1.36*1000) ;
Power (I,J) <= Pmax(H,J):

- -

)
)
);

!calculate the Cutting force,power of boring processes;

@QFOR (COMPONENT(H) | H #EQ# 2:
@FOR (STAGES(I) | I #GE# 2:
@FOR ( PROCESSES(J) | J #EQ# 2 #AND# m(H,I,J) #EQ# 1:
K F(J)*Dia(H,I,Jd)"X_F(J)*D(H,I,Jd)*Y_F(J)*F(H,I,J)"Z2_F(J) =
Force (I, J):
Bp*V(H,I,J)“alphap*F(H,I,J) “betap*D(H,I,J) “gammap =
Power (I, J);
Force (I,J) <= Fmax(H,J):;
Power (I,J) <= Pmax(H,J):;
)
)i
)
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!calculate the Cutting force, turque and power of reaming
processes;

@FOR (COMPONENT (H) | H #EQ# 2:
@FOR (STAGES(I) | I #GE# 3:
@FOR ( PROCESSES(J) | J #EQ# 3 #AND# m(H,I,J) #EQ#

1:

K_F(J)*Dia(H,I,J)"X_F(J)*D(H,I,J)"Y_F(J)*F(H,I,J)"Z_F(
J) = Force(I,J):;

K M(J)*Dia(H,I,J)" X M(J)*D(H,I,J)"Y M(J)*F(H,I,J)" 2 M(
J) = Torque(I,J);

Force(I,J) <= Fmax(H,J);
Power (I, J) = Force(I,J)*Torque(I,J)/(7018760*1.36);
Power (I,J) <= Pmax(H,J);

!calculate the Cutting force,power and surface roughness of
grinding processes;

@FOR (COMPONENT(H) | H H#EQ# 2:
@FOR (STAGES(I) | I #GE# 4:
@FOR ( PROCESSES(J) | J #EQ# 4 #AND# m(H,I,J) #EQ# 1:
58.8*E*(V(H,I,J)*F(H,I,J)*D(H,I,J))A0.7*0.8*1.25*V_Gs(
H)*(-1) = Force(I,J):
0.98*(V(H,I,J)*F(H,I,J)*D(H,I,J))"0.7*%0.8*1.25 =
Power (I, J);
0.2*(V(H,I,J)*D(H,I,J)*V_Gs(H)"(-
1))70.5*D_dr (H) ~0.25*S d"~0.5 = RG;
Force(I,J) <= Fmax(H,J);
Power (I, J) <= Pmax(H,J):;
RG <= RGmax;

we W™s Wwe

END
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Appendix E

Source code in Lingo language for Example 4

!This cost model 2 for an assembly (example 4) including
four quality characteristics (base and top) is presented.
The inputs are based on all practical data from handbooks
and reliable sources;

MODEL:
SETS:

FUNCTION /1..4/:T_Q;

COMPONENT /1..8/:DESIGN,d_e,E_LOSS,Sigma,Kl,KZ,N;

STAGES /1..2/:Cp,C_i,DL,DU, tL, tU, vL, vU, fL, fU;

LINKS (COMPONENT, STAGES) :C UM, v, f,d, t,pzl,pz2, cost, z1, 22;

ENDSETS

DATA:
aa = 5;

T Q=0.58 0.28 0.17 0.23;
DESIGN = 25.4 50.8 76.2 101.6 25.4 25.3492 50.8 76.1492;
d e = 30 20 20 30 50 20 20 40;

L = 40;

Dc = 16;

Nt = 3;

al = 0.053;

pi = 3.1415926;

Cp = 1.2 0.9;
Ci=1.01.5;
DL = 0.8 0.08;

DU = 3 0.8;

tL = 0.08 0.01;
tU = 0.5 0.1;
vL = 50 90;

vU = 90 140;

fL = 0.05 0.01;
fU = 0.09 0.06;
C u = 30;

C ul = 25;
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Crm =1.0;
trm = 1;
Cnm = 3.0;
C tm = 18;
E = 0.75;
K T = 53;
X T = 0.45;
UT-=1;
YT= 0.5;
Z T 0.5;
V.T=0.1;
S T 0.1;
WrT 3.03;
K Fl 0.642;
K F2 = -0.86;
K F3 = 0;
K F4 = 0.72;
K F5 0.86;
K P1 0.0107;
K P2 = -0.86;
K P3 = 1;
K P4 = 0.72;
K P5 = 0.86;
Fmax = 0.8;
Pmax = 1.5;
ENDDATA
INIT:
N=22222222;
t = 0.15 0.05
0.2 0.05
0.2 0.04
0.3 0
0.4 0
0.1 0.03
0.15 0.025
0.2 0.05;
f =0.07 0.04
0.07 0.04
0.07 0.04
0.09 0
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0.09 O

0.07 0.04
0.07 0.04
0.07 0.04;

.4
.4
.4

.

NNMNMNMNNDNDNDDNDDNDDND
WWwwoowww

OO OO OOOO

B S

v = 60 100
60 100
60 100

60 100
60 100
60 100;

ENDINIT
!MIN = Sum_cost;

!Max = Sum tol;
Max = Dummy; 'Fuzzy GP;

Sum_tol = @SUM(LINKS(H,I): t(H,I});

Sum_cost =

C um(1,2)+C_um(2,2)+C_um(3,2)+C_um(4,1)+C_um(5,1)+C_um(6, 2)
+C_um(7,2)+C_um(8,2);

!WC constraints;
!DUMMY <= (Sum_tol-1.12)/1.62; !Fuzzy GP;
!DUMMY <= (273.734-Sum_cost)/3.6444;

!RSS constraints;

DUMMY <= (Sum_tol-1.12)/1.76956; !Fuzzy GP;
DUMMY <= (277.4795-Sum cost)/7.3899;

@FOR (COMPONENT (H) | H #EQ# 1:
@FOR(STAGES(I) | I #EQ# 1:
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C_UM(H,I) = (C_u+(Cost(H,I)+C_i(I))* (1+P22(H,I)))/ (1~
Pz1(H,I));

Cost (H,I) = N(H)*Pi*Dc* (L+(d(H,I)* (Dc-
d(H,I)))"0.5+1)/(1000*Nt*v (H, I)*£f (H, I))* (Cmm+ (C_tm+
Crm*trm) * (v (H, I)"U_T*d(H,I)"Y_T*f(H,I)"2_T*d e (H)"V_T*Nt"S_
T/ (K_T*Dc X_T))"W_T);

'Dia(H,I) = design(H)+5-N(H)*d(H,I);

Pz1(H, I)
Pz2 (H, I)

@PSN(z1(H,I));
1-@PSN(z2(H,I)):

@QFREE (Z1(H,I));
2z1(H,I) = -3*Cp(I);
z2(H,I) = 3*Cp(I);

) 2

) :

@FOR (COMPONENT (H) | H #EQ# 1:
@FOR (STAGES(I) | I 4EQ# 2:

C_UM(H,I) =
(C_um(1,1)+(Cost(H,I)+C_i(I))* (1+P22(H,I))+E loss(H))/ (1-
Pz1(H,I)):

Cost (H,I) = Pi*Dc* (L+(d(H, I)* (Dc-
d(H,I)))"0.5+1)/ (1000*Nt*v(H, I)*£f(H, I))* (Cmm+ (C_tm+
Crm*trm)* (v(H,I)"U_T*d(H,I)"Y_T*f(H,I)"Z _T*d e(H)"V_T*Nt"S_
T/ (K_T*Dc"X_T))"W_T);

'Dia(H,I) = dia(1,1)-d(H,I);

E_loss(H) = KI1(H)*Sigma (H)* (-
t(H,I)*((1/((2*pi)~0.5))*QREXP(-0.5*(z1(H,I)"2))))+K1l (H)~*
Sigma (H)~2* (0.5-Pz1 (H,I))+K2 (H)*Sigma (H) * (-
t(H,I))*((1/((2*pi)~0.5))*@EXP(~-0.5*(z2(H,I)"2)))

+K2 (H) * (Sigma (H) ~2) * (1-P2z2(H, I)-0.5);

K1 (H)
K2 (H)

(C_UM(1,1)+cost (H,I)+C_i(I))/(t(H,I)"2);
(cost (H, I)+C_i(I))/(t(H,I)"2);

o

Pz1(H, I)
Pz2(H, I)

@PSN(z1(H,I));
1-@PSN (22 (H,I));
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QFREE (Z1 (H, I)):
21 (H, I) (-t (H,I))/Sigma(H):
z2(H, I) t(H,I)/Sigma (H);

Sigma(H) = t(H,I)*(3*Cp(I))~"(-1);

@FOR (COMPONENT (H)

H #EQ# 2:
@FOR (STAGES (I) I

|
| #EQ# 1:

C_UM(H,I) = (C_u+(Cost (H,I)+C i(I))*(1+Pz2(H,I)))/(1-
Pz1(H,I));

Cost (H,I) = N(H)*Pi*Dc* (L+(d(H, I)* (Dc-
d(H,I)))"0.5+1)/(1000*Nt*v (H, I)*£(H,I))* (Crm+ (C_tm+
Crm*trm) * (v(H, I)"U_T*d(H,I) Y T*f(H,I)*2 T*d e (H) V_T*Nt"S_
T/ (K_T*Dc*X_T))*W_T);

!'Dia(H,I) = design(H)+5-N(H)*d(H,I);

Pz1 (H, I)
Pz2 (H, I)

@PSN(z1(H,I));
1-@PSN(z2(H,I));

@FREE (21 (H,I));
z1(H,I) = -3*Cp(I);
z2(H,I) = 3*Cp(I);

);

) ;

@FOR (COMPONENT (H) | H
@FOR(STAGES (I) | I

C UM(H,I) =
(C_um(2,1)+(Cost (H,I)+C_i(I))*(1+Pz2(H,I))+E loss(H))/(1-
Pzl (H,I));

Cost (H,I) = Pi*Dc* (L+(d(H, I)* (Dc-
d(H,I)))"0.5+1)/(1000%Nt*v (H, I)*£ (H, I))* (Cm+ (C_tm+
Crm*trm)* (v (H, I) "U_T*d(H, I) Y _T*f(H,I)"*2Z_T*3 e (H)"V_T*Nt~S_
T/ (K_T*Dc*X_T))*W_T);
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!Dia(H,I) = dia(2,1)-d(H,I);

E_loss (H)

+K2 (H) * (Sigma (H) ~2) * (1-Pz2 (H,I)-0.5);

K1 (H)
K2 (H)

Pz1 (H, I)
Pz2 (H, I)

= K1 (H) *Sigma (H) * (-
t(H,I)*((1/((2*pi)~0.5)) *@EXP(-0.5* (z1(H,I)"2))))+K1 (H)*
Sigma (H) ~2* (0.5-Pz1 (H, I))+K2 (H) *Sigma (H) * (-
t(H,I))*((1/((2*pi)~0.5))*@EXP(-0.5* (22(H,I)"2)))

(C_UM(2,1)+cost (H,I)+C_i(I))/(t(H,I)"2);
(cost (H,I)+C_i(I))/(t(H,I)"2);

@PSN(z1(H,I)):
1-@PSN(z2(H,I));

@FREE (Z1 (H,I)):;

z1(H,I)
z2(H,I)

Sigma (H)

@FOR (COMPONENT (H)
@FOR (STAGES (I)

(-t(H,I))/Sigma (H);
t(H,I)/Sigma (H);

t(H, I)*(3*Cp(I))"(-1);

| H #EQ# 3:
| I #EQ# 1:

C_ UM(H,I) = (C_u+(Cost(H,I)+C_i(I))* (1+Pz2(H,I)))/(1-
Pz1(H,I));

Cost (H,I) = N(H)*Pi*Dc* (L+(d(H, I)* (Dc-
d(H,I)))"0.5+1)/ (1000*Nt*v (H, I)*f (H, I))* (Cm+ (C_tm+
Crm*trm) * (v(H, I)"U_T*d(H,I)~Y T*f(H,I)"Z T*d e (H) V_T*Nt"S_
T/ (K_T*Dc™X_T)) W_T);

'Dia(H,I) = design(H)+5-N(H)*d(H,I);

Pz1(H, I)
Pz2 (H,I)

@PSN(z1(H,I));
1-@PSN(z2(H,I));

@FREE(Z1 (H,I));

z1(H,I)
22(H,TI)

) :

=3*Cp (I);
3*Cp(I):
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)

@FOR (COMPONENT (H) | H #EQ# 3:
@FOR (STAGES (I) | I #EQ# 2:
C UM(H,I) =
(C_um(3,1)+(Cost (H,I)+C_i(I))*(1+Pz2(H,I))+E loss(H))/(1-
Pz1(H,I));

Cost (H,I) = Pi*Dc* (L+ (d(H,I)* (Dc-
d(H,I)))"0.5+1)/(1000*Nt*v (H, I)*£ (H, I))* (Cm+ (C_tm+
Crm*trm) * (v(H,I) U _T*d(H,I) Y T*£(H,I)~Z T*d e (H) V_T*Nt"S_
T/(K_T*Dc"X_T))"W_T);

!Dia(H,I) = dia(3,1)-d(H,I);

E loss(H) = KI1(H)*Sigma (H)* (-

E(H, I)*((1/((2*pi)~0.5)) *@EXP(-0.5* (z1(H,I)"2))))+K1l(H)*
Sigma (H)*2* (0.5-Pz1(H,I))+K2(H)*Sigma (H)* (-
t(H,I))*((1/((2*pi)"0.5))*Q@EXP(-0.5* (z2(H,I)"2)))

+K2 (H) * (Sigma (H) ~2) * (1-Pz2(H,I)-0.5);

K1 (H)
K2 (H)

(C_UM(3,1)+cost(H,I)+C_i(I))/(t(H,I)"2);
(cost (H,I)+C_1i(I))/(t(H,I)"2);

Pz1 (H, I)
Pz2(H, I)

@PSN(z1(H,I)):
1-@PSN(z2(H,I));

@FREE(Z1(H,I)):;
z1(H,I) = (-t(H,I))/Sigma(H);
z2(H,I) = t(H,I)/Sigma(H);

Sigma(H) = t(H,I)*(3*Cp(I))"(-1);

@FOR (COMPONENT (H)

[ EQO# 4:
@GFOR (STAGES (I) |

H #

I #EQ# 1:

C UM(H,I) =
(C_u+(Cost(H,I)+C_i(I))*(1+P22(H,I))+E_LOSS(H))/(1—
Pz1(H,I));
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Cost (H,I) = N(H)*Pi*Dc* (L+(d(H, I)* (Dc-
d(H,I)))"0.5+1)/(1000*Nt*v (H, I)*f (H,I))* (Cmm+ (C_tm+
Crm*trm) * (v (H, I) "U_T*d(H, I) Y_T*f(H,I)"Z_T*d e(H) V_T*Nt"S_
T/ (K_T*Dc”X_T)) W _T);

'Dia(H,I) = design(H)+5-N(H)*d(H,I):;

E loss(H) = K1 (H)*Sigma (H)* (-

t(H, I)*((1/((2*pi)~0.5) ) *@EXP(~-0.5* (z1 (H,I)~2))))+K1 (H)*
Sigma (H) ~2* (0.5-Pz1 (H,I))+K2 (H)*Sigma (H) * (-
t(H,I))*((1/((2*pi) ~0.5) ) *@EXP(-0.5* (z2(H, I)"2)))

+K2 (H) * (Sigma (H) ~2)* (1-Pz2(H,I)-0.5);

K1(H) = (C_utcost(H,I)+C i(I))/(t(H,I)"2);
K2 (H) = (cost(H,I)+C_i(I))/(t(H,I)"2);
Pz1(H,I) = @PSN(zl1l(H,I)):

Pz2(H,I) = 1-@PSN(z2(H,I));

@FREE (Z1(H,I)):
z1(H, I) (-t (H,I))/Sigma (H);
22 (H,I) = t(H,I)/Sigma (H);

Sigma(H) = t(H,I)*(3*Cp(I))~(-1);

@FOR (COMPONENT (H) | H #EQ# 5:
@FOR (STAGES (I) | I #EQ# 1:
C_UM(H,I) =
(C_u+ (Cost (H,I)+C_i(I))* (1+Pz2(H,I))+E_Loss (H))/ (1-

Pz1(H,I));

Cost (H,I) = N(H)*Pi*Dc* (L+(d(H,I)* (Dc~-
d(H,I)))"0.5+1)/(1000*Nt*v(H,I)*£(H,I))* (Crnm+(C_ tm+
Crm*trm) * (v (H, I) "U_T*d(H,I) Y_T*£f(H,I)"Z_T*d_e (H)"V_T*Nt"S
T/(K_T*Dc"X_T))"W_T);

!'Dia(H,I) = design(H)+5-N(H)*d(H,I);

E loss(H) = K1 (H)*Sigma (H)* (-
E(H, I)*((1/((2*pi)~0.5)) *@EXP(-0.5* (21 (H,I)"2))))+K1 (H)*
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Sigma (H) ~2* (0.5-Pz1(H,I))+K2 (H)*Sigma (H)* (-
t(H,I))*((1/((2*pi)~0.5))*@EXP(~-0.5% (22 (H,I)"2)))
+K2 (H) * (Sigma (H) ~2) * (1-P22(H,I)-0.95);

K1 (H) = (C_u+cost(H,I)+C i(I))/(t(H,I)"2);
K2 (H) = (cost(H,I)+C i(I))/(t(H,I)"2);
Pz1(H,I) = @PSN(z1(H,I));

Pz2(H,I) = 1-@PSN(z2(H,I));
QFREE (Z1 (H,I));

z1(H,I) = (-t(H,I))/Sigma(H);

Sigma(H) = t(H,I)*(3*Cp(I))"(-1);
) :
) :

@FOR (COMPONENT (H) | H #EQ# 6:
@FOR (STAGES(I) | I #EQ# 1:

C_UM(H,I) = (C_ul+(Cost(H,I)+C_i(I))*(1+P22(H,I)))/(1-
Pz1(H,I));

Cost(H,I) = N{(H)*Pi*Dc* (L+ (d(H,I)* (Dc-
d(H,I)))"~0.5+1)/(1000*Nt*v(H,I)*£(H,I))* (Cmm+ (C_ tm+
Crm*trm)* (v(H,I)"U_T*d(H,I)~Y T*f(H,I)"Z_T*d_e(H)"V_T*Nt"S_
T/ (K_T*Dc"X_T))"W_T);

!'Dia(H,I) = design(H)+5-N(H)*d(H,I);

Pz1 (H, I)
Pz2 (H, I)

@PSN(z1(H,I));
1-@PSN(z2(H,I));

@FREE(Z1 (H,I));
z1(H,I) =3*Cp(I):
z2 (H, I) 3*Cp (I);

)2
) s
@FOR (COMPONENT (H)

I # 6:
@FOR (STAGES (I) |

H 0
I o# 2:

#E
#E
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C UM(H,I) = 4
(C_um(6,1)+ (Cost (H, I)+C_1i(I))*(1+P22(H,I))+E_loss(H))/ (1-
Pz1(H,I));

Cost(H,I) = Pi*Dc* (L+(d(H,I)* (Dc-
d(H,I)))"0.5+1)/(1000*Nt*v(H,I)*f(H,I))* (Cmm+ (C_tm+
Crm*trm)* (v(H,I)"U _T*d(H,I)"Y T*f(H,I)"Z T*d e(H)"V_T*Nt"S_
T/ (K_T*Dc*X_T))*W_T);

!Dia(H,I) = dia(6,1)-d(H,I);

E loss(H) = K1 (H)*Sigma (H)* (-

t(H, I)*((1/((2*pi)~0.5))*@EXP(-0.5*%(z1(H,I)"2))))+K1(H)*
Sigma (H)~2* (0.5-Pz1(H, I))+K2 (H)*Sigma (H) * (-

t(H, I))*((1/((2*pi)"0.5))*@EXP(~0.5*% (22(H, I)"2)))

+K2 (H) * (Sigma (H)~2)* (1-P2z2 (H,I)=-0.5);

K1(H) = (C_UM(6,1)+cost(H,I)+C_i(I))/(t(H,I)"2);
K2 (H) = (cost(H,I)+C_i(I))/(t(H,I)"2);

Pz1(H,I) = @PSN(z1(H,I));

Pz2(H,I) = 1-@PSN(z2(H,I));

@FREE (Z1(H, I)):
z1(H, I) (-t (H,I))/Sigma(H);
z2(H,I) t(H,I)/Sigma (H);

Sigma (H) = t(H,I)*(3*Cp(I))~(-1);

@FOR (COMPONENT (H) | H #EQ# 7:
@FOR (STAGES (I) | I #EQ# 1:

C_UM(H,I) = (C_ul+(Cost(H,I)+C_i(I))*(1+P2z2(H,I)))/(1-
Pz1(H,I));

Cost (H,I) = N(H)*Pi*Dc* (L+(d(H,I)* (Dc-
d(H,I)))~0.5+1)/(1000*Nt*v (H,I)*f(H,I))* (Cmm+ (C_tm+
Crm*trm) * (v (H, I)"U_T*d(H,I)~Y T*f(H,I)~Z_T*d e (H) V_T*Nt"S_
T/ (K_T*Dc X_T)) "W_T);

!Dia(H,I) = design(H)+5-N(H)*d(H,I):;
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Pz1(H,I) @PSN(z1(H,I)):

Pz2(H, I) 1-@PSN(z2(H,I));
@FREE(Z1(H,I));

21(H,I) = -3*Cp(I);

z2(H,I) = 3*Cp(I);

) ;

) ;

@QFOR (COMPONENT (H) | H #EQ# 7:
R@FOR(STAGES(I) | I #EQ# 2:

C_ UM(H,I) =
(C_um(7,1)+(Cost (H,I)+C_i(I))*(1+P2z2(H,I))+E_loss(H))/(1-
Pz1(H,I));

Cost (H,I) = Pi*Dc* (L+(d(H, I)* (Dc-
d(H,I)))"0.5+1)/(1000*Nt*v (H, I)*£(H,I))* (Cmm+ (C_tm+
Crm*trm) * (v (H, I) "U_T*d(H,I)"Y_T*f(H,I)~Z_T*d_e(H) "V_T*Nt"S_
T/ (K_T*Dc X_T))*W_T) ;

'Dia(H,I) = dia(7,1)-d(H,I);

E loss(H) = K1(H)*Sigma (H)* (-

t(H, I)*((1/((2*pi)~0.5))*@EXP(-0.5*(z1(H,I)"2))))+K1(H)*
Sigma (H) ~2* (0.5-Pz1(H, I))+K2 (H)*Sigma (H) * (-
t(H,I))*((1/((2*pi)"0.5)) *@EXP(-0.5* (z2(H,I)"2)))

+K2 (H) * (Sigma (H) ~2) * (1-Pz2 (H,I)-0.5);

K1 (H)
K2 (H)

(C_UM(7,1)+cost (H,I)+C_i(I))/(t(H,I)"2);
(cost (H,I)+C_i(I))/(t(H,I)"2);

Pz1 (H,I)
Pz2(H,I)

@PSN(z1(H,I));
1-@PSN(z2(H,I));

@FREE (Z1(H,I));
z1(H,I) (-t(H,I))/Sigma(H);
z2 (H, I) t(H,I)/Sigma (H);

Sigma (H) = t(H,I)*(3*Cp(I))"(-1);

)2
)2
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@FOR (COMPONENT (H) | H #EQ# 8:
@FOR (STAGES (I) | I #EQ# 1:

C_UM(H,I) = (C_ul+(Cost(H,I)+C_1i(I))*(1+P22(H,I)))/ (1~
Pz1(H,I));

Cost (H,I) = N(H)*Pi*Dc* (L+(d(H,I)* (Dc-
d(H,I)))"0.5+1)/(1000*Nt*v(H,I)*£f(H,I))* (Cm+ (C_tm+
Crm*trm) * (v (H,I)"U_T*d(H,I) Y T*f(H,I)"2 _T*d e (H) V_T*Nt"S_
T/ (K_T*Dc*X_T) ) W_T) ;

!Dia(H,I) = design(H)+5-N(H)*d(H, I);

Pz1(H, I)
Pz2 (H, I)

@PSN(z1(H,I));
1-@PSN(z2(H,I));

@FREE (Z1(H,I)):
z1(H,I) = -3*Cp(I):;
z2(H,I) = 3*Cp(I);

)
)
@FOR (COMPONENT (H)

| H #EQ# 8:
QFOR (STAGES (I) | I #EQ

# 2:

C_UM(H,I) =
(C_um(8,1)+ (Cost (H,I)+C_i (I))* (1+Pz2 (H,I))+E_loss (H))/ (1-
Pz1(H,I));

Cost(H,I) = Pi*Dc* (L+(d(H,I)* (Dc-
d(H,I)))”0.5+1)/(1000*Nt*v(H,I)*£(H,I))* (Cmm+ (C tm+
Crm*trm)* (v(H,I)"U_T*d(H,I)"Y T*f(H,I)"Z T*d e(H)"V_T*Nt"S_
T/ (K_T*Dc"X_T))"W_T);

!Dia(H,I) = dia(8,1)-d(H,I):;

E loss(H) = K1 (H)*Sigma (H)* (-
t(H,I)*((1/((2*pi)~0.5))*@EXP(-0.5* (z1(H,I)"~2))))+K1 (H)*
Sigma (H) ~2* (0.5-Pz1(H,I))+K2 (H) *Sigma (H) * (-
t(H,I))*((1/((2*pi)~0.5))*@EXP(-0.5*(2z2(H,I)"2)))

+K2 (H) * (Sigma (H) ~2) * (1-P2z2(H,I)-0.5);

K1 (H)
K2 (H)

(C_UM(8,1)+cost (H,I)+C_i(I))/(t(H,I)"2);
(cost (H, I)+C_i(I))/(t(H,I)"2);
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Pz1(H, I)
Pz2 (H, I)

@PSN(z1 (H,I)):
1-@PSN(z2(H,I));

QFREE(Z1 (H,I)):;
2z1(H,I) = (-t(H,I))/Sigma(H);
z2(H,I) = t(H,I)/Sigma(H);

Sigma(H) = t(H,I)*(3*Cp(I))~(-1);

1-Pz1(1,2)-Pz2(1,2) >= 1l-al;
1-Pz1(2,2)-Pz2(2,2) >= 1-al;
1-Pz1(3,2)-Pz2(3,2) >= 1l-al;
1-Pz1(4,1)-Pz2(4,1) >= l1l-al;
1-Pz1(5,1)-Pz2(5,1) >= l1l-al;
1-Pz1(6,2)-Pz2(6,2) >= 1l-al;
1-pPz1(7,2)-Pz2(7,2) >= 1l-al;
1-Pz1(8,2)-Pz2(8,2) >= 1l-al;

@FOR ( COMPONENT (H) | H #LE# 3:
@FOR ( STAGES(I):

@BND (VL (I),Vv(H, I),vU(I));
@BND (fL(I), f(H,I),fU(I));
@BND (dL(I),d(H,I),dU(I));
@BND (tL(I),t(H,I),tU(I));

)
)
@FOR ( COMPONENT (H) | H #GE# 6:
@FOR ( STAGES(I):
@BND(VL(I),Vv(H,I),vU(I));
@BND (fL(I),f(H,I),£fU(I));
@BND (dL(I),d(H,I),dU(I));
@BND (tL(I),t(H,I),tU(I));

) :
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);

@BND(50,v(4,1),90);
@BND(0.05,£(4,1),0.09);
@BND(0.8,d(4,1),3);
@BND(0.08,t(4,1),0.5);

@BND(50,v(5,1),90);
@BND(0.05,£(5,1),0.09);
@BND(0.8,d(5,1),3);
@BND(0.08,t(5,1),0.5);

d(1,2)-t(1,1)-t(1,2) >= DL(2);
d(1,2)+t(1,1)+t(1,2) <= DU(2);
d(2,2)-t(2,1)-t(2,2) >= DL(2);
d(2,2)+t(2,1)+t(2,2) <= DU(2);
d(3,2)-t(3,1)-t(3,2) >= DL(2);
d(3,2)+t(3,1)+t(3,2) <= DU(2);
d(6,2)-t(6,1)-t(6,2) >= DL(2);
d(6,2)+t(6,1)+t(6,2) <= DU(2);
d(7,2)-t(7,1)-t(7,2) >= DL(2):
d(7,2)+t(7,1)+t(7,2) <= DU(2);
d(8,2)-t(8,1)-t(8,2) >= DL(2):
d(8,2)+t(8,1)+t(8,2) <= DU(2);

t(5,2) = 0;

t(4,2) = 0;
N(1)*d(1,1})+d(1,2) = aa;
N(2)*d(2,1)+d(2,2) = aa;
N(3)*d(3,1)+d(3,2) = aa;
N(4)*d(4,1) = aa;
N(5)*d(5,1) = aa;
N(6)*d(6,1)+d(6,2) = aa;
N(7)*d(7,1)+d(7,2) = aa;
N(8)*d(8,1)+d(8,2) = aa;

@FOR (COMPONENT: @GIN(N));

!RSS constraints;

((£(4,1))72+(t(5,1))"2)"0.5 <= T_Q(1);
((€(1,2))"2+(t(2,2)) "2+ (t(7,2))"2+(t(8,2))"2)70.5 <= T Q(2);
((£(2,2))72+(t(3,2)) "2+ (t(6,2)) "2+ (t(7,2))"2)70.5 <= T Q(3);
({(t(3,2))"2+(t(6,2))"2+(t(4,1))"2)70.5 <= T Q(4);

!'WC constraints;
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't(4,1)+t(5,1) <= T_0Q(1);
'£(1,2)+t(2,2)+t(7,2)+t(8,2) <= T_Q(2):
'8(2,2)+t(3,2)+t(6,2)+t(7,2) <= T Q(3);
't (3,2)+t(6,2)+t(4,1) <= T Q(4);

K_Pl*DcAK_PZ*v(4,1)“K_P3*f(4,1)*K_P4*D(4,1)“K_P5*d_e(4)*Nt
<= Pmax;
K_Fl*DcAK_FZ*v(4,1)“K_F3*f(4,1)“K_F4*D(4,l)“K_FS*d_e(4)*Nt*
E <= Fmax;
K_Pl*DcAK_PZ*v(S,l)“K_P3*f(5,1)AK_P4*D(5,1)“K_P5*d_e(5)*Nt
<= Pmax;

K Fl*DcAK_FZ*v(S,1)“K_F3*f(5,1)AK_F4*D(5,1)“K_F5*d_e(5)*Nt*
E <= Fmax;

@FOR ( COMPONENT (H) | H #LE# 3:
@FOR ( STAGES(I):

K_Pl*DcAK_PZ*v(H,I)AK_P3*f(H,I)AK_P4*D(H,I)“K_P5*d~e(H)*Nt
<= Pmax;
K_Fl*Dc“K_FZ*v(H,I)AK_F3*f(H,I)“K_F4*D(H,I)AK_F5*d_e(H)*Nt*
E <= Fmax;

):
):
@FOR ( COMPONENT (H) | H #GE# 6:

@FOR ( STAGES (I):

K_P1*Dc*K_P2*Vv (H, I)*K_P3+*f (H,I)~"K_P4*D(H, I) *K_P5*d_e (H) *Nt
<= Pmax;

K_Fl*Dc“K_FZ*v(H,I)“K_F3*f(H,I)“K_F4*D(H,I)AK_FS*d_e(H)*Nt*
E <= Fmax;

e wa

~— —

END
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