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Abstract

Tolerancing in design stage and machining parameter optimization in manufacturing stage
are related problems which have a great impact on overall production economics of a
machining operation. Unfortunately, these problems have been viewed separately causing
conflicts between design and manufacturing decisions. While a design decision is to attain
a certain part tolerance in the manufacturing stage, the manufacturing decision may be
more concerned about economical production and production feasibility.

To avoid such conflicting situations, this thesis presents six optimization models
which are developed and solved in two stages in order to integrate tolerancing and
machining parameters decisions. One model is developed in the first stage. The first-
stage model is related to a design problem and provides better part tolerance to be used
in the second stage to incorporate tool adjustment decisions into the optimization of
machining parameters. Five models are developed in the second stage and are divided
into single-machine and multi-machine turning operation problems. For single-machine
turning operations, three models are formulated. The first is a single-product multi-pass
model considering pass selection for determining optimum cutting speed, feed rate, depth
of cut, dimension deviation and number of passes. The second is a single-product multi-
pass model considering inventory and setup costs to find optimum cutting speed, feed
rate, depth of cut, dimension deviation and batch size. The third is a multi-product multi-
pass model considering inventory and setup costs for selection of optimum cutting speed,
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feed rate, depth of cut, dimension deviations and production cycle time. For multi-
machine turning operations, two models are formulated. One is a multi-feature multi-pass
model with the objective of minimizing total cost for determining optimum workload
assignment, cutting speed, feed rate, depth of cut, and feature dimension deviations of
machine-pass-feature combinations. The second is a multi-feature multi-pass model with
the objective of minimizing cycle time which, once solved, will give optimum workload
assignment, cutting speed, feed rate, depth of cut, and feature dimension deviations of
machine-pass-feature combinations.

A solution method and illustrative examples are given to test the feasibility of the

developed optimization models.
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Chapter 1

Introduction

1.1 Overview

Machining is a manufacturing process that refers to the removal of material from a
workpiece by means of relative motion between a cutting tool and the workpiece. The
material from the workpiece is removed in the form of chips. The main purpose of the
machining operation is to change the shape of raw material to a finished component. Five
basic machining processes are turning for producing external rotational parts, drilling for
producing holes, and milling, planing and shaping for processing prismatic parts.

In traditional machining, operations such as part loading and tool setting were
performed manually. The machine flexibility and efficiency were very low. Today, the
application of numerical control (NC) technology allows the machine tools to perform
operations automatically. The basic components of NC machines are the part program
to provide instructions for machining steps, the machine control unit (MCU) to read and
interpret the instructions in the part program and control the motions of the machine, and

the machine tool to perform the actual machining operation.



Due to the NC technology, the machining conditions, governed by machining
parameters such as machining speed, feed rate, and depth of cut can be easily controlled.
As a result, both productivity and product quality can be improved with lower cost.
However, the success or failure in achieving these goals greatly depends on how a
process plan is prepared.

Process planning includes evaluation of product design and selection of work
material, machining processes, and machining parameters. Design evaluation identifies
geometric features, part dimensions, surface roughness, and tolerance specifications. The
choice of work materials should consider the cost, applicability, machinability, an(i
mechanical properties of the materials. Machining processes are selected based on the
shape of the component to be produced.

The selection of part tolerance and machining parameters in process planning has
a great impact on overall production economics of a machining operation. For example,
to produce a part with a very tight tolerance is expensive due to high machining cost.
Similarly, the manufacturing cost for a part with a very loose tolerance is high because
of the scrap or rework cost. On the other hand, at very high cutting speeds, the total
production cost increases due to the increased tool replacement cost caused by frequent
tool changes. Also, at very low cutting speeds, the total production cost is high because
more machining time is required to produce a part. Therefore, the part tolerance and

machining parameters should be optimized in a process plan.



1.2 Objectives

Tolerancing in the design stage has been discussed by many researchers. The
optimization of machining parameters in manufacturing stage for both single-machine and
multi-machine has also been investigated in the literature. However, tolerancing and
machining parameter optimization are mostly addressed separately causing conflicts
between design and manufacturing decisions. In the manufacturing stage, tool adjustment
analysis is often performed in isolation from the machining parameter optimization
process.
The main objectives of this research are therefore:
¢)) to integrate tolerancing and machining parameter selection decisions;
(2)  to optimize machining parameters and tool adjustment decisions for the single-
machine turning process in the following cases.
(@) single-product, multi-pass considering pass selection,
(b) single-product, multi-pass considering inventory and setup costs,
(c) multi-product, multi-pass considering inventory and setup costs; and
(3) to optimize machining parameters and tool adjustment decisions for multi-
machine, multi-feature, and multi-pass operation considering different decision

objectives.



1.3 Thesis Organization

This thesis is divided into five chapters. Following this introductory chapter, the
literature survey on machining parameter optimization, tolerancing, tool life and tool
wear, tool adjustment and quality loss analyses are given in Chapter 2. Models for
optimizing tolerance, machining parameters and tool adjustments are developed in
Chapter 3. These models were developed in two stages. The first stage model is related
to a design problem and will provide the optimum tolerance. The second stage models
are related to manufacturing problems and will simultaneously provide optimum
machining parameters and tool adjustment decisions for both single-machine and multi-
machine turning operations. Chapter 4 provides computational results where illustrative
examples are given and solved. Chapter 5 concludes the thesis and gives

recommendations for future work.



Chapter 2

Literature Survey

2.1 Machining Parameter Optimization

A rich body of literature on machining parameter optimization has been developed since
Taylor’s pioneer work in metal cutting. Taylor (1907) studied the relationship between
tool life and cutting speed and established an empirical equation which is known as
Taylor’s tool life equation.

Many mathematical models have been formulated for the selection of optimum
cutting speed, feed and depth of cut for different machining processes. Problems of
single-pass and multi-pass machining operations on single-machine and multi-machine
have also been investigated. In the earlier studies, the cutting speed was the only
machining parameter to be optimized. The objective criterion was minimum-cost,
minimum-time, or maximum-profit cutting speed. Later on, machining parameters such
as feed rate and depth of cut were also included in the optimization process. Brown
(1962) analyzed the effect of cutting speed and feed for single and double-pass cutting
operations using single tool and multiple tools. Walverkar and Lambert (1970) and
Petropoulos (1973) performed a more detailed study with consideration of physical
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machining restrictions such as the available machine power and surface roughness of the
workpiece. They determined the cutting speed and feed with a minimum-production-cost
criterion for a single pass turning process using geometric programming without
including the depth of cut. Lambert and Walverkar (1978) extended the work of
Walverkar and Lambert (1970) and included the depth of cut in a multi-pass machining
problem. Recently, Yeo ez al (1995) reported the determination of cutting speed, feed
rate and depth of cut for multi-pass turning operations such as longitudinal turning,
facing, taper turning and contour turning to produce a stepped shaft. The aforementioned
optimization models dealt with single-machine manufacturing problems. Other
researchers such as Agapiou (1992) and Hitomi and Ham (1977) extended single-machine
problems to multi-machine flow type manufacturing problems.

In practice, a single pass operation may not necessarily be the most economic
choice. Ermer and Kromodihardjo (1981) illustrated that, in some cases, a multi-pass
operation may be more economical than a single pass. The results from their work
showed that double-pass or triple-pass cutting operations may be more preferred than a
single-pass cutting operation when the problem is treated with practical machining
constraints such as cutting force and cutting power. Recently, Tan and Creese (1995)
discussed a general multi-pass machining model for machining parameter selection in
turning. The optimum cutting speed, feed rate, depth of cut, and number of passes are
simultaneously obtained in a single stage. Again, they observed that multi-pass turning

could be more economic than the single-pass turning.



Machining parameter optimization models can also be developed based on
experimental resuits. Chua er al (1993) reported several such models developed by
regression analysis of their experimental data.

Multi-criteria approach has also been employed to seek a trade-off between
several objectives. Ghiassi er a/ (1984) presented two methods for solving a multiple
criteria decision making problem, where surface integrity, tool life, and metal removal
rate are maximized while the surface roughness is minimized. The first method provided
a set of non-dominated solution graphically, and the second method gave a specific
solution from a non-dominated set. Malakooti and Deviprasad (1989) explained and
applied an interactive pair-comparison approach to solve a discrete multiple objective
problem. They claimed that, their approach can be applied to any multi-criteria problem
with either discrete, integer or continuous set of alternatives. Malakooti (1991) developed
a dynamic approach to the multiple objective problem which could be used for on-line
selection of machining parameters and monitoring of operations. Recently, Mesquita et
al (1995) described a model and an interactive program system for computer-aided
optimization of cutting speed, feed and depth of cut for rough, multi-pass turning
operations. Commonly used criteria were minimum unit production cost, unit production
time and number of passes.

Most researchers assume that the cutting conditions are deterministic and the
characteristics of tool and workpiece remain constant during machining. It has been
observed that the cutting conditions are affected by the uncertainty of tool life. Iwata ez

al (1972) showed that the coefficients used in tool life, cutting force, and cutting power



equations are probabilistic in nature. Hati and Rao (1976) formulated deterministic and
probabilistic models and confirmed that the indices involved in the extended Taylor’s tool
life equation are not deterministic for a wide range of cutting conditions and that some
of the constraint parameters are also probabilistic. Fenton and Joseph (1979) presented
an objective function consisting of a combination of unit production cost, production rate
and profit rate for both deterministic tool life and statistical tool life distributions. The
statistical tool life distributions were normal distribution, uniform distribution and
Weibull distribution. They further challenged that the tool life equation for any set of
machining and tool parameters should follow a certain probabilistic density function, and
because the objective function depends on the tool life, it should also be a statistical
quantity. However, they admitted that it is very difficult to know the true statistical
distribution of the tool life. The work by Sekhon (1983) presented a method for
simulation of a probabilistic manufacturing system in which the workpiece and tool
variability were considered to minimize cost and maximize production rate. The same
conclusion was drawn that in most cases both the cutting tool and the workpiece possess
characteristics subjected to random variation.

Expert systems in the field of Artificial Intelligence (AI) have emerged to be one
of the major topics of discussion in manufacturing for design, planning, scheduling and
control. Wang and Wysk (1986) introduced a computerized expert system to generate
machining parameters using empirical equations and modified data retrieval approach.
The optimum machining data were obtained as soon as a combination of material, tool

and operation is entered in the system. Zhou and Wysk (1992) used an expert system for



tool selection, evaluation of machining parameters, and tool replacement.

Fuzzy logic and neural networks have shown a great potential for solving
machining process optimization problems. Fuzzy logic which combines fuzzy sets and
fuzzy rules has the capability of modelling complex, non-linear programming problems.
Trappey et al (1988) developed a fuzzy non-linear programming model with a fuzzy goal
and fuzzy constraints, and used Kuhn-Tucker conditions to determine the optimal solution
of the fuzzy machining economic model. Wang (1992) applied multi-layer
backpropagation neural networks for multi-objective optimization of cutting parameters.
He further suggested that the extension of his approach could be used for on-line
monitoring and adjustment of cutting parameters based on information from sensors.

The cutting force and cutting power can change during a machining operation due
to variations in tool property, hardness of material, width and depth of cut or the air gap
of the part. Adaptive control (AC) has been proposed to compensate for such variations
by adjusting cutting speed and feed during machining operation. AC can be classified into
two categories: adaptive control constraint (ACC) and adaptive control optimization
(ACO). With ACC, the feed rate, in most studies, is dynamically adjusted to maintain
a specified target cutting power or force level. With ACO, the cutting objective, i.e., the
ratio of material removal rate and tool wear, is expected to be optimized dynamically.
However, due to the difficulty of on-line measurement of tool wear, the application of
ACO seems to be unlikely in the near future (Kalpakjian 1995). Therefore, most AC
studies focus on ACC (Kalpakjian 1995). As implied by its definition, ACC can only

passively, at most, maintain a reference or target power or force level so as to maintain



a feasible or reliable machining process. The machining parameters cannot be optimized
by ACC. Furthermore, the target power or force level will be very conservative if the
optimization problem is not addressed beforehand. As revealed above, the machining
parameter selection and tool adjustment decision in manufacturing stage, and tolerancing
and machining parameter decisions between design and manufacturing stages have not
yet been integrated, thereby causing possible conflicts in shop floor operations.
Moreover, the emerging ACC also demands a higher but yet safer power or force target

to follow. This again depends on how the machining parameters can be optimized.

2.2 Tool Life and Tool Wear

Tool life depends on machining parameters. At a higher cutting speed, the tool life is
shorter because of high friction between the tool and machined surface. In order to form
a basis for optimizing machining conditions, it is necessary to understand the nature of
tool wear. For gradual or progressive tool wear, certain regions of tool face and flank
are worn. Wear on the tool face is characterized by the formation of a crater, a result
from the action of chips flowing along the face. Wear on the flank of the tool is caused
by friction between newly machined surface and the contact area on the tool flank. Flank
wear has been widely used as a measure of tool life.

Major tool wear mechanisms for crater and flank wear are described by
Bhattacharyya and Ham (1969), Kannatey-Asibu (1985), and Zhou and Wysk (1992) as
adhesion, abrasion, diffusion, fatigue and plastic deformation. The dominant wear

mechanisms and the rate of wear are functions of temperature, stress, tool material,
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workpiece material, and other factors, and depend on a given operation and a set of
machining conditions. According to Jeang and Yang (1992), and Wang and Zuo (1994),
tool wear is a non-decreasing, non-linear process which consists of three distinct stages.
In the initial wear stage, the wear rate is relatively high, but only for a short period of
time. The second stage is a steady or normal wear period which constitutes a major
portion of tool wear. During this period, the rate of tool wear is approximately constant
over time. The last stage is the accelerated period, a rapid and exponential tool wear
resulting in a tool failure.

Mukherjee and Basu (1967) designed experiments and applied multiple regression
analysis to evaluate tool wear and observed the relationship between the flank wear of
a single-point turning tool and machining parameters. Their observation concluded that
tool wear is more sensitive to cutting speed than feed and depth of cut. Bhattacharyya
and Ham (1969) proposed an analytical approach to predict the amount and rate of wear
for a tool-work combination when the interaction coefficient and cutting force are known.

Kuljani¢ (1975) surveyed direct and indirect methods of in-process measurement
of flank wear. In direct measurements, devices such as optical sensors, electrical Sensors,
radioactive sensors, and pneumatic sensors are used to monitor the volumetric loss from
the tool. In indirect measurements, equations are established to correlate tool wear and
cutting force or torque, vibration, surface roughness of machined part, temperature and
thermoelectric effect. El Gomayel and Bregger (1986) adopted the electromagnetic sensor
method to measure the tool wear and showed that the increase in workpiece diameter

during the turning operation could be used as a reliable measure of tool wear.
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A paper by DeVor er al (1977) presented a study of tool life and its variation for
a finish turning operation using the weighted least-square method. It was noted that the
tool wear variation increases significantly as wear level increases and that at higher level
of flank wear, the variance of tool life is not homogeneous under different cutting
conditions. An energy method was suggested by Usui et al (1984) to predict chip
formation and cutting forces in turning operations and to calculate the stress and
temperature on the wear faces. Wear characteristic equation, calculated stress, and
temperature were then used to predict flank and crater wear. Carlsson and Strand (1992)
developed a statistical model based on different probability distributions to predict the
tool life. Rao (1986) conducted experimental studies for the purpose of wear monitoring
during stable turning and suggested to use the wear index as the basis for the tool
monitoring. Zhou and Wysk (1992) integrated such tool wear index into a tooling cost
recovery model and a probabilistic unit cost model to record tool usage and to determine
optimum tool replacement intervals. Other studies for tool replacement (e.g., La
Commare er al 1983, Galante and Lombardo 1991, and Koulamas 1991) were also
carried out based on flank wear.

As shown in the above survey, previous research has been mostly focused on
crater and flank wear. Flank wear has been used as the major tool life indicator and used
in machining parameter optimization and tool replacement decisions. Another important
and yet often overlooked tool wear is tool nose wear, i.e., the wear occurred at the tool
tip or nose. Though nose wear may not be used as tool life measure, it does represent

the major contributor to the deviation of part dimension. Therefore, both flank wear and
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nose wear should be used in optimizing machining operations with flank wear used for
tool life measure and nose wear used for tool adjustment. Surprisingly, however, very
little work has been done on nose wear. The only available reference is the work by Du
et al (1993) in the accessible literature. Nevertheless, enough details are not available in

their report.

2.3 Tolerancing

It is impossible to produce every finished part which conforms completely to its nominal
dimensional specifications. The allowed deviation from a nominal dimensional
specification is called tolerance. The purpose of dimensioning and tolerancing is to
determine the dimensions and tolerances that are to be produced in the manufacture of
a component.

Several tolerancing methods have been proposed. Evans (1974) suggested a
statistical dimensioning method and a tolerance simulation method. The statistical
dimensioning method uses the knowledge of process distributions to select a tolerance
within a predetermined range. The tolerance simulation method treats dimensions and
tolerances as random variables and the simulation of the dimensional design of an
assembly becomes necessary. Other methods which are used to specify tolerances include
restrictive tolerancing method and table-based standard tolerancing method (Lingaiah
1994).

The above mentioned tolerancing methods have been traditionally applied without

explicitly considering machining cost and may not provide economical tolerances. To this
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end, Speckhart (1972) introduced an exponential cost-tolerance model to explicitly
address the relationship between tolerance and machining cost. For the same purpose,
Spotts (1973) reported a reciprocal squared model. Along this line, Sutherland and Roth
(1975) proposed a reciprocal power model; Chase and Greenwood (1988) further
expressed a reciprocal model as the objective function, and worst case and statistical
allocation as constraints to assign component tolerance at minimum cost. Ostwald and
Huang (1977) developed a discrete-variable linear programming model with zero-one
variables to optimize the cost of tolerance. Cheikh and McGoldrick (1988) presented a
unified engineering approach to the problem of tolerance determination and tolerance
build-up where the product function, process performance and manufacturing cost are all
involved. They recognized that the integration of design procedures and manufacturing
process is important for higher productivity. More generalized exponential cost-tolerance
model was recently introduced by Dong and Soom (1990) for selecting tolerances using
the information provided by a CAD system. Zhang and Wang (1993) employed a
generalized exponential cost-tolerance model and solved the problem using simulated
annealing technique to allocate design and machining tolerances of a shaft and hole
assembly.

Dong er al (1994) also conducted a study and developed new cost-tolerance
models. The new models were classified as hybrid models and polynomial models which
present better fits to the empirical cost-tolerance data than previous models. In addition
to the manufacturing cost, the recent study by Feng and Kusiak (1995) further considered

the cost by quality loss based on Taguchi quality loss function. This approach certainly
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better fits today’s manufacturing environment as low manufacturing cost is often achieved
at the expense of looser tolerances and thus will be penalized due to poor quality.
Tolerance charting is a graphical method whereby the sequence of machining
operations, dimensions and tolerances of the workpiece can be evaluated and then
compared with the blueprint requirements. Ngoi and Chua (1993) presented a matrix
approach of deriving dimensions and tolerances during tolerance charting. Ngoi and Tan
(1995) recently proposed a geometric tolerancing method and applied tolerance control

charts to solve working dimensions and tolerances using mathematical models.

2.4 Tool Adjustment and Quality Loss

Tool adjustment is aimed at maintaining part dimension within an acceptable dimension
deviation range in order to improve part quality and avoid reworking or rejecting a part.
Research on this topic is very limited. A few reported studies are briefly reviewed as
follows. Quesenberry (1988) studied the adjustment of the process to minimize the
expected mean square of deviations of part measurements from nominal value to produce
parts of better quality. A two-part compensator was proposed, the first for adjusting the
process due to estimated mean of tool wear and the second for centering the process and
protecting the process shift due to other causes. Jeang and Yang (1992) proposed an
analytical method for optimal initial tool setting and replacement cycle based on tool
replacement cost and part quality loss. Narang and Fischer (1993) accounted for tool
adjustment based on the process variability of the machine, specified tolerance and tool

wear rate. Wang and Zuo (1994) contributed to in-process tool adjustment by formulating
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a mathematical model for the selection of optimal number of adjustments and their

corresponding intervals.

2.5 Motivation

The above survey has revealed that effort has not been made to integrate tolerancing
decisions in design stage and machining parameter decisions in manufacturing stage.
Another observation is that the tool adjustment decision has not been incorporated into
the machining parameter optimization decisions. As a result, the decisions made in such
a way often conflict with each other and are rarely implemented on shop floor.

For these reasons, it is proposed that (a) tolerancing and machining parameter
decisions be integrated; and (b) tool adjustment and machining parameter selection
problems be simultaneously solved for both single-machine and multi-machine turning

processes.
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Chapter 3

Tolerancing and Machining Parameter
Optimization

In this chapter, the optimization models for tolerancing, tool adjustment and machining
parameter selection are developed in two stages. The first stage model is a design related
problem which will provide optimum part tolerance. The optimum part tolerance obtained
in the first stage will be used as the upper bound of tolerance in the second stage. The
second-stage models are manufacturing related problems which are formulated to
determine optimum machining parameters and tool adjustment decisions for both single-
machine and multi-machine turning operations. For single-machine turning operations,
three models are formulated. These models are single-product multi-pass model
considering pass selection, single-product multi-pass model considering inventory and
setup costs, and multi-product multi-pass model considering inventory and setup costs.
For multi-machine turning operations, two models are formulated. These models are
multi-feature multi-pass model with the objective of minimizing total cost and multi-

feature multi-pass model with the objective of minimizing cycle time.
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3.1 Assumptions

The following assumptions are made in developing the optimization models:

1

2

(€))

Q)

&)

The data for tool life, cutting force, cutting power, and surface roughness are
deterministic and are known.

In batch production, the demand is known with a constant continuous rate.

In multi-product batch production, each cycle has exactly one setup for each
product, and the parts are produced in the same sequence in each production
cycle.

In multi-machine turning processes, all machines are identical and are able to
perform any cutting pass of a feature.

In multi-machine turning processes, the time required to move the workpiece from

one machine to another machine is small and neglected in the formulation of the

models.

3.2 Tolerancing in Design Stage

The aim of the first-stage model is to determine part tolerance at minimum total cost in

the design stage. The total cost consists of machining cost and quality loss. The output

of this model will be used as the input, an upper limit of tolerance, for the second-stage

models. A generalized model by Dong and Soom (1990) is adopted to express the

machining cost-tolerance relationship. A quality loss function suggested by Taguchi er

al (1989) is used to describe the quality loss-tolerance relationship. The details are given

below.
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Machining cost-tolerance function
For a particular machining process, a generalized exponential machining cost-tolerance

function is given by Dong and Soom (1990):

g(8) =g e=C® . g 3.1)

where g(é) is the cost of producing a mechanical feature with a specified tolerance level
d. &1, 8 & and g, are constants which control the shape and the position of the cost-
tolerance curve and are determined by curve-fitting based on experimental data. The

machining cost-tolerance function can be represented graphically as shown in Figure 3.1.

Machining Cost

Tolerance

Figure 3.1 Machining cost-tolerance function

Quality loss-tolerance function

A quality loss is defined as the cost incurred when the quality characteristic of the part

deviates from its nominal or target value. The amount of quality loss depends on the

19



amount of deviation. Taguchi er al (1989) derived a quality loss function which is
expressed as a quadratic function of quality deviation from the nominal or target

dimension. The derivation of the quality loss function results in the following expression:

L(x) = k(x-m)? (3.2)

where k is a proportionality constant, x quality characteristic of the product, and m, the

quality target value.

»  Quality Loss

m.-e m, mo+e X

Figure 3.2 Quality loss and deviation from target value

The maximum quality loss is A which represents the cost of rework or cost of
scrapped part. The maximum quality loss is reached when the deviation of the functional
characteristic of the part from the target value m, is equal to tolerance limit e (Figure

3.2). Then, from Equation (3.2), we have
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L(m,+e) = k(m, +e-m)* (3.3)

Therefore,

A = ke? 3.9
and

k = ;‘iz 3.5)

Substituting Equation (3.5) into Equation (3.2), the quality loss function is
L(x) = % (x-m)? 3.6)

In the metal cutting context, the quality loss-tolerance function can be written in the

following form:
A
L,(3) = -;82 3.7
8,
where 4 is the actual tolerance, and §, is the maximum allowed tolerance.
Adding machining cost-tolerance and quality loss-tolerance functions together, the

objective function is obtained and the first-stage model can be formulated as follows.

Model 1
& - 824 (8- A,
Min G(8) = E {[glke Szk( k Ssk) + g‘k] + 82_82} (3.8)
k=1 uk
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subject to:
8,45 5, 3.9)

The objective of the model is to find optimal tolerance of different products or
features k at minimum total cost in the design stage. Constraint (3.9) defines the region
at which the tolerance is technically feasible. Figure 3.3 below shows the effect of

tolerance on machining cost, quality loss, and total cost.

Note:

Cost
[
o
s
(3
£
%

1 2

Tolerance

Figure 3.3 Machining cost, quality loss, and total cost

3.3 Optimization of Machining Parameters and Tool

Adjustment Decisions

The second-stage models for the optimization of machining parameters and tool
adjustment decisions are presented in the following two sections. Section 3.3.1 deals with

single-machine multi-pass turning problems and Section 3.3.2 multi-machine multi-pass
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turning problems. Three models are developed in Section 3.3.1 while two models are
developed in Section 3.3.2. The main cost components to be considered in the second-

stage models are discussed below.

Machining cost
Machining cost is the cost incurred during the actual machining process. Machining time
decreases with the increase of cutting speed v (m/min) and feed rate f (mm/rev) and is

given by:

wDL
t = 3.10
™ 1000vf ©G-10

where D is the diameter of the workpiece (mm), and L is the length of the workpiece
(mm).

Unit machining cost, i.e., machining cost per piece is the product of machining
time £, and operating cost rate C,. Operating cost includes overhead cost plus labour

cost. Therefore, unit machining cost is:

_ wDLC, 3.11)
™ " 1000vf .

Tool cost
Tool cost is the cost per cutting edge which depends on tool life 7, (min) and machining
parameters. When the tool follows a gradual or progressive wear, Taylor’s equation

offers a good estimate for tool life. The Taylor’s tool-life equation is:
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vIt =C G.12)

where C and n are constants depending on work material, tool material, tool geometry,
and machining conditions. Although the cutting speed is the most significant machining
parameter affecting tool life, other parameters such as feed rate f (mm/rev) and depth of
cut d (mm) are also important and are included in the extended Taylor’s tool-life

equation. Wang (1992) expressed the extended Taylor’s tool-life equation as:

K

T, = _T
v"'fﬂ'd"

(3.13)
where oy, 85, 71, and K are deterministic constants and tool-work dependent.
If C, is denoted as tool cost per cutting edge, then tool cost of machining a single

workpiece is given by:

Co = F'ZC. (.14)
t, and T, are respectively given in Equations (3.10) and (3.13), hence
- DL _ap-1,.8.-1 47
— = vTofrrd'T @3.15)
. 1000K,
Substituting Equation (3.15) into Equation (3.14), the tool cost per piece is:
C, = ZDL ,ertpbriymc (3.16)

‘o~ 1000K,
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Tool replacement cost

The cost for the time required to remove a wom tool from a machine and replace with

a new tool or regrind the same one is called tool replacement cost. The relationship

between tool replacement time and cutting speed is that when the cutting speed is

increased, the tool life is reduced thus increasing total tool replacement time.
Denoting ¢, as the time to replace a tool, the tool replacement time distributed

to each workpiece is given by:

t
6, = =t (3.17)

c

h

Tool replacement cost is the product of tool replacement time and operating cost rate,

ie.,

t
C, = F"’- C,t (3.18)
L

Substituting Equation (3.15) into Equation (3.18), we obtain

DL  aj-1,.8.-1 ;v
C, = = T d'"C, ¢ 3.19
Ty AR ofr ¢.19)
Tool adjustment cost
The gradual or progressive wear of the cutting tool during the machining process will
affect part dimensions. Due to tool wear, the dimension of the part at the end of the

process may be larger than that at the beginning of the process (Figure 3.4). To maintain

better part quality, the tool should be adjusted when the dimension deviation reaches a
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preset tolerance limit.

Actual dimension due
to tool wear Specified target

/ /dmonsion
7

Y
i

— A

Tool

Figure 3.4 Effect of tool wear on dimension

A simple method for performing on-line tool wear monitoring is the deviation
probing method (Vajpayee 1995). This method uses probes and sensors to monitor part
dimension change. One end of the probe is connected to the machine control unit
(MCU), and the other end touches the work with a stylus. The required dimension
deviation is included in the part program. Whenever this value reaches the tolerance
limit, appropriate compensation of tool offset is carried out during machining.
Nevertheless, in most cases, the part dimension change cannot be accurately monitored
due to the vibration inherent in the machining processes. The application of this method
is thus still very limited.

The optical tool condition sensor is also being investigated for detecting tool wear
such as average flank wear and nose wear. The flank wear information will be used for

tool replacement whereas nose wear for tool position compensation (Du et al 1993).
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However, compensating the tool offset during machining requires extra control system
implementation and heavy investment which may not be practical in reality (Wang et al,
1996). The severe machining conditions caused by cutting fluid, chips, vibrations further
hinder the application of this method. In today’s manufacturing environment, the
dimension measuring and tool adjustment are mostly done off-line. This involves
additional machine down time and labour cost. Therefore, a trade-off between the
improved quality and increased cost has to be taken into account.

According to Narang and Fischer (1993), the amount of tool wear causing
dimension deviation during a pass for a single workpiece is:

tln
w, = ?Lw (3.20)

where w is the maximum allowed nose wear of the cutting tool in mm.

The number of tool adjustments during a single pass for a single workpiece is

therefore: t,

L (3.21)

Accordingly, when considering off-line tool adjustments, the tool adjustment cost

distributed to each workpiece is:

(3.22)
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where y is part dimension deviation (mm), C, is tool adjustment cost rate ($/min), and
L, is tool adjustment time (min).

When Equation (3.15) is substituted into Equation (3.22), we have

DL -1, B8r-1 ;¥ W
C ., = 22> yor d'"2c ¢ 3.2
ad IMOKTV f y C‘ a ( 3)

Similarly, the tool adjustment time per piece can be expressed as:

DL ap-1,.B-1 ;0 W
¢, = DL o dT¥, 3.24
“ ~ 000K, f y ©-24)

Quality loss

Referring to Equations (3.7) and (3.21), the quality loss per piece caused by dimension

deviation is: L, w
T, (4,
L P y ( -8—2'}’ ) (3 . 25)

where A is defined as the rework or scrap cost, and § is the maximum allowed tolerance
in the manufacturing stage. Note that § instead of 9, is used in Equation (3.25) simply
because we are now dealing with a manufacturing stage problem and the value of § is

determined by solving Model 1.

4

Zw

In Equation (3.25), —=— represents the number of adjustments distributed to
y

each workpiece and iz y? is the cumulative quality loss over the time between two
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consecutive tool adjustments. Substituting Equation (3.15) into Equation (3.25) results

in:

DL ar-l o Br-1 ;Y W A
L, =-Z v dTE L2 3.2
+ " to00k," y (32" ] .26
The total unit production cost for a multi-pass turning operation is the sum of
machining cost, tool cost, tool replacement cost, tool adjustment cost and quality loss of
all passes which is given by:
J

Cu = E[ij M ij M Ctrj] * Cadl +qu (3'27)

j=1

Substituting Equations (3.11), (3.16), (3.19), (3.23) and (3.26) into Equation (3.27), it

follows that
J D..LC . L - -
Cu - 2 T j-1 o + TrD]-l viT lf}BT ldiYT(C'+Cot’)
j=1| 1000 vl.j;. 1000K,
(3.28)
LD, L T T e« Ay
1000 K- y 8
where:
j-1
Dj-1 =Dy - 2.,;1 dq (3.29)

Note that the tool adjustment cost and quality loss are considered only in the last cutting

pass where the final dimension of the part is obtained.
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Similarly, the total unit production time is the sum of machining time,

replacement time and tool adjustment time as given below:

J wD; | L . wD; L )

ar-1 Br-1 vy wD; L a1 g1 ,vrw
t = »T s d’ ‘
« = Xlwovy o0k Y G 4| g

—_— d," —1t
d rl] 1000k, 7 Y T ye
(3.30)
The Equations (3.28) and (3.30) are important in the development of models in the

following sections and will be frequently used.

3.3.1 Single-machine Turning Processes
In a single-machine turning operation, all cutting operations of a workpiece are
performed on a single machine. In this section, three single-machine multi-pass turning

problems are formulated and are presented below.

3.3.1.1 Single-product, Multi-pass Model Considering Pass Selection

Traditionally, the depth of cut, and the number of layers or passes needed to machine a
stock to the final dimension of a part are either selected by an operator or from
handbook. For example, four passes are specified for the part shown in Figure 3.5 with
more depth of cut for the first two passes and less depth of cut for the last two.
However, the depth of cut and the number of passes so selected are often either too
conservative leading to low productivity or too aggressive causing unnecessary tool

breakages and part defects. To solve this problem, the pass selection decision should be
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incorporated. Keeping this in mind, a model is developed to simultaneously provide
optimum cutting speed, feed rate, depth of cut, number of passes, and dimension
deviation for tool adjustment. The objective is to minimize the unit production cost. The

model is as follows below.

P Py Py P,
GLLLLLLLLS SIS ILL 020 LIS I IS LS T IS, SLTI 0
&\\\\\\\\\\“ A" AR

Figure 3.5 An example of a four-pass turning operation

Model 2.1
wD, |LC, wD_L.xprlv
Min C, Ly . T(C, + C,t
" ,;, 000y wook, 7 N 4 )| Pi
171
7DJ—1L "r'l ﬂrl YrW A
+ —|Ct + — 2 3.31
Toook, I P A L ¢-3h
where:
j-1
D, =D, -22l d,
P
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subject to:

O () ;
Vi’ s v sy, V)
d. s d™, j=12,..J1

df? s d, < d

O<sys<$
P,=1
J
Zdj=dla¢d
j=1

3.32)

3.33)

3.34)

(3.35)

(3.36)

3.37)

(3.38)

(3.39)

(3.40)

(3.41)

(.42)



Kvfd" < P, vj (.43
K as ﬂde: (x)
sVr [y 4, s 8§ (3.44)

The objective function of Model 2.1 minimizes the total unit production cost. The
decision variables are v;, f, d;, y and p; which represent the cutting speed, feed rate,
depth of cut, dimension deviation for tool adjustment and pass selection, respectively.
For a given tool-workpiece material combination, constraints (3.32) through (3.34) give
the lower and upper bounds for cutting speed, feed rate, and depth of cut respectively.
Constraint (3.35) restricts the depth of cut for the last pass. Constraint (3.36) specifies
that the part dimension deviation at which the tool is adjusted should be within the
tolerance specified in the design stage. Constraint (3.37) shows that at least one pass is
justified and should be performed. If one pass is justified, it should be the last pass since
otherwise the tool adjustment cost and quality loss cannot be considered. Constraint
(3.38) states that the sum of depth of cut from each pass should be equal to the total
depth of cut to be removed from the material. Constraint (3.40) specifies the conditions
that if a pass is not selected, the depth of cut should be zero, and if a pass is justified,
the depth of cut must be greater than zero. The purpose of constraint (3.41) is to use
continuous variables P;. Constraints (3.38) through (3.41) all together guarantee that p;
will take a binary value O or 1 even if this is not explicitly specified. As p;is a

continuous variable, the computational time can be significantly reduced.
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The cutting force and cutting power are mostly considered in the selection of
cutting speed, feed, and depth of cut. The greater the cutting speed, feed and depth of
cut, the greater the deflection of the workpiece and tool, dimensional error, and the
higher the power consumption. Therefore associated limits are set such that the cutting
force and cutting power do not exceed their maximum allowable values. The limiting
cutting force and cutting power are given in constraints (3.42) and (3.43) respectively as
suggested by Iwata er al (1977). The empirical coefficients 8y, v, and K represent the
factors that can affect the cutting force and depend on tool-work material combination,
machining process, workpiece hardness and tool geometry. The empirical coefficient K,
for cutting power is the function of coefficient K, and mechanical efficiency of the
machine tool. The mechanical efficiency 1, indicates the power lost due to friction. The

empirical coefficient K is expressed by Iwata et al (1972) as:

__Ke

K 4
P 61207 (3.45)

The experimental study of Bhattacharyya er al (1970) has shown that the cutting
speed, feed and depth of cut can affect the surface roughness of the part. Constraint
(3.44) reflects this study and sets a limit for surface roughness in the last pass. ag, B,
vs and K; are constants for surface roughness and their values are dependent on the tool-

work combination.
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3.3.1.2 Single-product, Multi-pass Model Considering Inventory and

Setup Costs
Model 2.1 has considered minimization of cost for production of a single workpiece on
a single machine. In batch production where a product is manufactured in batches and
when the demand is concerned, Model 2.1 is not applicable. A new model is needed to
take care of batch production on a single machine such that the decision on batch size can
be made. To be feasible, the demand is satisfied only when its rate is lower than the
production rate. However, when the production rate is greater than the demand rate,
there is a tendency of gradual inventory built-up during the production period. Therefore,
the total cost is the sum of the production cost to satisfy the demand, the inventory
holding cost which may be in the form of opportunity cost or deterioration cost, and the
setup cost for setting the machine for each production batch. Before presenting the

model, individual cost components are first calculated as follows.

Production cost
Denoting C, as the unit production cost and A the demand rate, the production cost to

satisfy the demand is then given by:

C, =C,A (3.46)

Inventory cost
The production batch size is the number of units produced in each cycle and is expressed

as: Q =Pt 0 (3.47)
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Therefore

©
|-
0

(3.48)

where P is the production rate and ¢, is the time needed to produce a batch.

The unit production time can also be described as the reciprocal of production rate

1
L, = — 3.49
“ P ( )

IV

ARV

ty T t

Figure 3.6 Inventory with finite production rate

From Figure 3.6, the maximum inventory is

I, = (P-1)1, (3.50)

and substituting Equation (3.48) into Equation (3.50), we get
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A
The average inventory is thus
1 A
L, - _2.(1__)9 (3.52)

The inventory holding cost per unit per period time is given by:

C,=iC, (3.53)
where i, is the inventory holding cost rate. Therefore, the inventory holding cost is

obtained as:

I =

(-4

(ST

AP
( I—F)thcu (3.54)

Setup cost
If C, is the setup cost per production run, the total setup cost over a planning period is
given by:

¢

A
S =—=C 3.5
0 (3.55)

where N/Q represents the number of production runs during the planning period.

The total cost is the sum of production cost, inventory cost and setup cost, i.e.,

1 A). A
T =C A+=|1-—=1]iiC Q+=C 3.5
c u 2( P)lh llQ Q s ( 6)
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From Equation (3.49), we have

P- ti 3.57)

Substituting Equation (3.30) into Equation (3.57), we get

P- 1

] aL D._.L D, .L -
E 1r i -1 a,.lj;ﬂrl yrt ‘ﬂ’ il 2 Sl a.,- flﬂrl rw

t
“ 1000vf 100K, *| " 1000K,

(3.58)

Similarly, substituting Equations (3.28) and (3.58) into Equation (3.56), the model of

minimizing total cost can be formulated as follows.

Model 2.2
L |®D. ,LC, wD; L a-1_p.-1 .y

Min T, = jo1 7 e izl =0T d."(C +C.t

e [,z; 00wy o0k, v 4 (GG

(3.59)
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subject to:

) (u) .
Vi sy sy, ¥

5O shsE9 v

@) (%) .

Ed dp
j=1
O0sys<3$

K £ d' s F™, v
Kijj}p"d;' <sP™, v

K, V] flpsd (“)

1

J TI'D L Tl'D L ar-1
> 1000vf 10001(" i 474 | ook,

Jj=1

Vy

for P, > A\
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p,-nd_y,t . wD, L ..,-1flp,. ldy,-w ‘

(3.60)

(3.61)

(3.62)

(3.63)

(3.64)

(3.65)

(3.66)

3.67)

2P

(3.68)



where:
j-1
D._, =D, - Zqu
g-1
The objective of Model 2.2 is to minimize the total cost consisting of production
cost, inventory cost and setup cost, and to obtain optimum cutting speed, feed rate, depth
of cut, dimension deviation for tool adjustment, and production batch size. Constraints
(3.60), (3.61) and (3.62) specify lower and upper bounds for the cutting speed, feed rate
and depth of cut respectively. Constraint (3.63) states that the total depth of cut should
be equal to the total material to be removed. Constraint (3.64) says that the dimension
deviation at which the tool is adjusted should meet the tolerance specification from the
design stage. The restrictions for cutting force and cutting power are respectively
presented in constraints (3.65) and (3.66). Constraint (3.67) imposes the limit for surface
roughness in the last pass. Constraint (3.68) requires that the production rate should be

greater than or equal to the demand rate.

3.3.1.3 Multi-product, Multi-pass Model Considering Inventory and

Setup Costs
Model 2.2 is applied only when one type of product is processed on a single NC
machine. The model to be developed in this sub-section will be used to solve a multi-
product problem with a cyclic production policy. This policy is commonly used when
different types of products are produced in batches on a single machine. In this case, all

types of products will be processed in turn but only one batch for each product is to be
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scheduled in a single cycle. In order to ensure that the machine is able to satisfy the

demand of all types of products, the following condition is needed (Nahmias 1993):
— =1 3.69
Yy P, (3.69)

where A, is the demand rate for product £, (parts/min) and P, is the production rate for

product k, (parts/min).
Let T be the cycle time. The production batch size for product k£ in each

production cycle is given by:

Q, =T (3.70)

Equation (3.56) can be extended to multi-product case:

T—fjc;.ll)"‘cg wPe 3.71)
c & uk "k 2 Pk h ~uk %Xk Qk sk .
substituting Q, from Equation (3.70) into Equation (3.71), we have
K
1 A . Csk
T, -kz;l C..klu-z-(l-;:-]h.c..klﬂ+ > ] (3.72)
The production rate of product k is expressed as:
p -1 3.73)
[ 2 .
uk
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Referring to Equation (3.28) and Equation (3.30), the unit production cost and production

time of product k can respectively be written as:

wD L, C wD L
C - k(G-1) k(G-1)*~k ¢T f C “'C ¢
uk ,El 1000v, £, 1000 K % 2
‘"’Dk(l -I)Lk ar-l Y w A 2
—t ) 7y f '— C,t, +—y, 3.74
1000 X, * Yus, &, G719

and

7,
‘uk_i( Dko 1)Lk wD -l)Lk "1' fBr -1 dqur ] Dk(l,-l)Lk a,. f vr W,

1000v,.f,;  1000K, 1000K,. yuk a
(3.75)
whereas the production rate of product k is obtained as:
P=— 1
| Pag-uke , ™ugayka, crigprigrn | Tkacnbe o ey
j7\ 1000v,.f,.  1000K, 1000K,, e, fa
(3.76)
where:
j-1
ch(i-l) =Dy, - Zz;qu, vk 3.77
q:

and Dy, is the initial stock diameter of product k¥ (mm).
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The objective function is then formed by substituting C,, and P, into Equation

(3.72). Rearranging the terms, the optimization model can thus be presented as follows:

Model 2.3
K J, D... LC D L
Min Tc = Y E"k(l-l)ka+" k(i-1) kv::-xf ( +C,t,)
k=t | {j=1 lOOOV,q.j;q. 1000 K-
wD, L
(I -1)"k vor” 1 A 2
f C t,+ y, A
OWR, ok o | G i)
J,
+ li AT[1-A Ek ‘”D"(J’-I)Lk "Dk(, l)Lk ¢r lfB,- 1 kyr
2 k j=l 1000vkjj;q. ]_MOK J |

. ‘"'Dk(l,, 1L por-t

f dr ¥, . Cer
1000X, Ve, u,, Ay, — Yer, © T

(3.78)
subject to:
v) s v, s v, vk (3.79)
D sf s £, vk j (3.80)
a" = d; s &, vk j (3.81)
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Z;dk,- =dipur VK (.82)
=
0= Yus, S 8,‘,", Vk (3.83)
Br ¥ (u) .
K fyi'dy sF™, vk, j (3.84)
Kpvififfdf < P, vk j (3.85)
ag . Bs (u)
Kvig fi dy s S8, vk (3.86)
- 1 2P,
Ek ""Dko I)Lk ‘"'Dko-n)Lk "1' f dY_r‘ 7D, k(lrl)Lk "r f 71' w w,
/| 1000v,£,. 1000k, ¥ 7] 1000k, Y,
vk (3.87)
where:
j-1
Dy 4y =Dy - 22;“&4- vk
&

The objective of Model 2.3 is to minimize the total cost which consists of
production cost, inventory cost and setup cost. The model, once solved, will provide
optimum cutting speed, feed rate, depth of cut, dimension deviation and cycle time.

Constraints (3.79) through (3.81) specify cutting speed, feed rate and depth of cut lower



and upper bounds respectively. Constraint (3.82) states that the sum of depth of cut from
each pass of product k is equal to the total stock of material of product k to be removed.
Constraint (3.83) assures that the part dimension deviation in the last pass of product k
is within the required tolerance from the design stage. Constraints (3.84) and (3.85) give
the limits for cutting force and cutting power respectively. The maximum allowed surface
roughness for the last pass of product & is imposed in constraint (3.86). Constraint (3.87)

ensures that the production rate should be greater than or equal to the demand rate.

3.3.2 Multi-machine Turning Processes

Generally, a multi-machine manufacturing system involves several machines. The
machines may be arranged in a job shop, flow shop or cellular layout. In job shop
environment, these machines are grouped together to perform similar operations for
different parts. For example, several general-purpose NC lathes may form a turning work
center. In flow shop, the machines are arranged together according to the process
sequences. In cellular systems, the machines are grouped according to the process
combinations that occur in families of parts. The main advantage of a job shop layout is
its flexibility where there is less restriction on part movement therefore allowing
alternative part routings.

Suppose multi-pass turning operations are performed within a turning work center
of a job shop to transform a raw material stock to a finished part as shown in Figure 3.7.
Different features are produced by removing unwanted material to obtain a finished part.

The problem is to assign the cutting passes of the features to the available machines so

45



that the total production cost or cycle time can be minimized. In this section, two models
associated with different objectives are formulated. One model is formulated with the

objective of minimizing the total production cost and the other is formulated with the

objective of minimizing the cycle time.

-
N -

-

Figure 3.7 Transformation of a stock to a finished part

3.3.2.1 Multi-feature, Multi-pass: Minimizing Total Cost

The model in this section is developed to minimize the total unit production cost by
assigning workload to individual machines and properly selecting machining parameters.
Solving this model will simultaneously provide optimum workload for each machine,

optimum machining parameters and feature dimension deviations for all machine-pass-

feature combinations. The problem is formulated as follows.
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Model 2.4

m % XK|wD, . L.C DG ik ot
Min C = G-k G-1) k"r
o= 2 X 000w, 000K, i

i=1j=1 k=1

m K oD «
Py T e g e

i=1 k=1 IOOOK -V.J,l:

subject to:

t Xk (7D L,

;z.;k.l 1000 v,,, f;., 1000 K, Vijk

R N

w .
+ —t X. SZ, Vi
kzl lmKT llkk flkk yilkk a lek
m %
Z;E ik = Uoats VK
=1 J=

ZZ ijk .,k= ko> VK

i=1j=1

quk =1, Vjk

i=1

X, =1, Vijk=i

[ . .
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where:

R sfusiP, vijk
duksd » Vi k
df) = d, x Sd5d, Vik=i
0y, S8, Vik
K, ,,kd,,',fsp<“>, Vi, j k

,,kf;,k "< P™, vijk

Ks llktllcd SS}:), Vi’k

Xz 20

D(i—l)k = 0 221 iqgk? Vi’k
q:

and D, is the original diameter of feature k£ (mm).

(3.95)

(3.96)

(3.97)

(3.98)

3.99)

(3.100)

(3.101)

(3.102)

(3.103)

The objective function of Model 2.4 is similar to that of Model 2.1 with some

modifications to accommodate several machines and features of a workpiece. The model

is solved for optimal workload assignment, cutting speed, feed rate, depth of cut and
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dimension deviation for each machine-pass-feature combination. Constraint (3.89) forces
the production time of the machines not to exceed the cycle time. If the production time
is less than the cycle time, then slack time is allowed. Constraint (3.90) indicates that the
sum of depths of cut of a feature should be equal to total stock of material to be removed
from that feature. Constraint (3.92) means that each pass of a feature has to be processed
by only one machine. Constraints (3.90), (3.91) and (3.92) will jointly guarantee the
value of X, to be binary, either 0 or 1. Constraint (3.93) ensures that at least one pass,
that is, the last pass of each feature must be performed. Constraints (3.94) through (3.96)
give the lower and upper bounds for cutting speed, feed rate, depth of cut respectively.
Constraint (3.97) restricts the depth of cut for the last pass of each feature to be in the
range specified by the lower and upper bounds. Constraint (3.98) assures that the part
dimension deviation is within allowed tolerance specifications. The restrictions for cutting
force and cutting power are respectively presented in constraints (3.99) and (3.100).

Finally, the surface roughness limit for last passes is imposed by constraint (3.101).

3.3.2.2 Multi-feature Multi-pass: Minimizing Cycle Time

In practice, the cycle time may become a more important concern than the production

cost. In this case, a model is required to minimize cycle time. The model is formulated

in the following.
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Model 2.5

Min Z (3.104)
subject to:
J,
zk: K "D(j-l)l:Lk . D(;-l)k " ,Z, f lx
J=1 k=1 1000 v,'ik ijk IOOOK l] ijk

X L
Dy, -twle art 4l
—t,X,,sZ, Vi
?1 000K, e 3 e Ko
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i=1 j=1
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A} sd,, sdff), vik=i
0Sy,, S8, Vik
K, ,,,‘d sF™, vijk

qkj;ﬂ: qk s P(“)’ v i’j! k

K :Jkkfdkk nl,‘k =S%, vik

X, =20
where:

j-1
D iy = Dy - ZEld,.q,‘, Vi k
-

and Dy, is the original diameter of feature k (mm).

The main objective of Model 2.5 is to assign work loads to machines in a multi-
machine multi-pass machining system with the objective of minimizing the maximum
cycle time. All constraints in this model are the same as those used in Model 2.4,
Solving Model 2.5 will result in optimum workload assignment, cutting speed, feed rate,
depth of cut and dimension deviation for each machine-pass-feature combination, and

cycle time.
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Chapter 4

Computational Results

The first-stage model and second-stage models are all nonlinear programming problems
(NLP). The first-stage model has a nonlinear objective function with inequality linear
constraints. All second-stage models consist of nonlinear objective functions with
inequality and equality constraints. Some constraints are linear and others are nonlinear.
Nonlinear programming problems are difficult to solve even for small-sized problems.
Fortunately, powerful nonlinear optimization software package such as LINGO have been
developed and are commercially available. LINGO is selected for solving the models
because it is equipped with fast internal solver for large-scaled problems and is also able
to handle NLPs with both inequality and equality constraints.

To test the feasibility of the models developed in chapter 3, illustrative examples
are given and solved in this chapter. Before presenting illustrative examples, the

following section gives some guidelines for the selection of input data for the examples.
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4.1 Selection of Input Data

4.1.1 Tolerance and Surface Roughness

Machining processes like honing and grinding may produce small tolerances and smooth
surfaces while machining processes like sawing and flame cutting will produce large
tolerances and rough surfaces. Unnecessary cost can be avoided if the machining process,
tolerance and surface finish can be properly selected. It is not advisable to perform an
expensive process onto a component whose tolerance and surface finish requirements can
be met with a cheaper process. It is equally undesirable to select a tolerance or a surface
finish level which cannot be attained by the existing machining processes.

The parameters for a generalized exponential machining cost-tolerance function
for tolerance allocation are based on empirical data and are recorded by Dong and Soom
(1990). These parameters are workpiece size dependent and cover different surface
features such as external rotational features, hole features, plane features and location
features. The parameters for extemal rotational features are given in Table 4.1. The
surface roughness values for various machining processes are obtained from Lingaiah

(1994).

Table 4.1 Parameters of machining cost-tolerance function for external rotational

features
Dimension range (mm) & & & &
D<40 3.96 22.05 0.00 0.79
40<D<500 3.96 21.65 0.00 1.04
D =500 3.96 21.20 0.00 1.29
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4.1.2 Cutting Tool Materials and Tool Wear

The cutting tool must have the following physical and metallurgy properties: high yield
strength, high wear resistance, high fracture toughness, high fatigue resistance, high
thermal conductivity, high thermal shock resistance and good oxidation resistance. There
are various materials for making cutting tools. Some cutting tool materials are carbon
steels, high speed steels (HSS), carbides, ceramics and diamonds. Of all the cutting tools,
HSS and cemented carbides are commonly used in machining operations because they are
stronger than plain carbon steel tools and cheaper than ceramic and diamond tools.
During machining, the tool is subjected to severe mechanical stresses due to
cutting forces causing tool wear which in turn affects the tool life, the surface quality and
the dimensional accuracy of the workpiece. Different forms of tool wear are shown in
Figure 4.1. The tool wear are nose wear, flank wear and crater wear. The average flank
wear land width of 0.3 mm is often used as an indicator of the end of the tool life. The
nose wear leads to changes to workpiece dimensions and can be used to compensate for
dimensional errors (Du er al 1993). Therefore, the nose wear is used for tool adjustment

rather than the flank wear.
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Workpiece

Cutting tool

2. Flank wear
3. Crater wear

Figure 4.1 Tool wear classification

4.1.3 Cutting Speed, Feed rate and Depth of Cut

The cutting process variables such as cutting speed, feed rate, and depth of cut have
direct influence on the cutting force, cutting power, the temperature rise at the chip-tool
interface, tool life, type of chip, and dimensional accuracy and surface quality of the
workpiece. Owing to the above fact, the process variables are often restricted within
lower and upper bounds. Zohdi and Biles (1986) and Carvill (1993) recommended ranges
of cutting speed, feed rate and depth of cut for different machining operations in different

tool-workpiece material combinations.
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4.2 Illustrative Examples

Example for Model 1

Consider a low carbon steel shaft which is to be machined from a rotational stock as
shown in Figure 4.2. The length and diameter of the initial stock are respectively 250
mm and 90 mm. The diameter of the shaft is machined to 80 mm at a length of 200 mm
by a turning process. The optimal tolerance of the final dimension is determined based
on the following data given by Dong and Soom (1990): g,; = 3.96, g,, = 21.65, g5, =
0.00, g;; = 1.04. The minimum allowed tolerance is §, = 0.002 mm and the maximum
allowed tolerance is §,; = 0.08 mm. The maximum quality loss is assumed to be $ 1.0.
Using a LINGO program, the first-stage problem is solved in less than a second. The

optimal tolerance is 0.0659 mm.

$90
$90
¢80

200

250 250
Stock Final shaft

Figure 4.2 A rotational stock and a finished shaft

For all second-stage example problems that follow, the input data are given in

Table 4.2. The estimated data based on tool life, surface roughness, cutting force and
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cutting power are taken from Wang (1992). Part tolerance limit is 0.0659 mm and is
obtained from Model 1. The tool material is cemented carbide and the workpiece
material is low carbon steel. Additional data will be given in the following computational

examples.

Table 4.2 Input parameters for all examples

Parameters Values
Operating cost rate C, $ 3.0/min
Tool cost C, $ 5.5/edge
Tool replacement time ¢, 0.5 min
Nose wear w 0.1 mm
Tool adjustment cost C, $ 3.0/min
Tool adjustment time ¢, 0.2 min
Rework cost A $1.0
Efficiency of machine tool g, 0.8
Constants for tool life ay, Brvr Kr 1.70, 1.55, 1.22,1570000
Maximum cutting force F.* 20.0 Kg

Constants for cutting force B¢, v, Kr 1.18, 1.26, 1.38
Maximum cutting power P.® 2.0 Kw
Constants for surface roughness ag, 85, v5s, ks  -0.25, 0.72, 0.23, 1.17

Example for Model 2.1

As given above, the diameter D, of the low carbon steel stock is 90 mm and its length
L is 250 mm. The shaft is machined on a stand-alone NC lathe. The total depth of cut
is 5 mm and the length is 200 mm. The tolerance limit is & = 0.0659 mm. The required
surface roughness S;* = 1.6 um. A maximum of four cutting passes is considered.

Other data are given in Table 4.3.
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Table 4.3 Input data for Model 2.1

Upper and lower bounds
Cutting speed (m/min) Feed rate (mm/rev) Depth of cut (mm)
Pass vo @ LM d® d® 4»
1 90 120 0.8 2.0 50
2 90 120 0.8 2.0 5.0
3 90 120 08 20 50
4 168 210 0.13 0.50 03 1.0

A C code (Appendix A) is used to generate the LINGO-format-input for Model
2.1 example. The LINGO input is shown in Appendix B. Using LINGO on a 486 PC,
the problem is solved in 3 seconds. The results are summarized in Table 4.4. The results
indicate that two passes are selected out of the four passes. The total production cost for

the two cutting passes is $ 2.2345 per piece.

Table 4.4 Results for Model 2.1 example

Pass Variable Value
Cutting speed (m/min) v, 120.0000

2 Feed rate (mm/rev) § A 2.000000
Depth of cut (mm) d, 4.361455

Cutting speed (m/min) v, 210.0000
4 Feed rate (mm/rev) A 0.500000
Depth of cut (mm) d, 0.638545
Dimension deviation (mm) y 0.051056
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According to Tan and Creese (1995), the maximum depth-of-cut constraint may
have great influence on the unit production cost and the selected number of passes. To
confirm this argument, additional calculations are performed for different maximum
depths of cut of rough cutting and the associated unit production costs and selected
number of passes are summarized in Table 4.5. The relationship between the maximum
depth of cut and unit production cost is shown in Figure 4.3. In our case, a single pass
will not be feasible because it should be a finish cutting which will not satisfy the total
depth of cut to be removed. On the other hand, a single pass with very heavy depth of
cut may also be infeasible due to excessive cutting force and power which may lead to

tool breakage.

Table 4.5 Different maximum depths of cut in rough cutting for Model 2.1

Maximum depth of cut Production cost Number of passes
d® (mm) ($/piece)
1.60 3.5468 4
1.67 3.5436 4
2.00 29112 3
2.33 2.8854 3
2.67 2.8791 3
3.00 2.8745 3
3.33 2.8703 3
3.67 2.8665 3
4.00 2.2449 2
4.33 2.2354 2
4.67 2.2345 2
5.00 2.2345 2
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Figure 4.3 Maximum depth of cut versus unit production cost

Example for Model 2.2

The stock and shaft in the previous example are used here. In addition to the geometrical
data used in the previous example, the following input data are needed. The maximum
allowable tolerance and surface finish are § = 0.0659 mm and S;® = 1.6 um
respectively. The setup cost C, is § 40.0 per setup and the inventory holding rate i, is
20% per year (3.858% 107 per min). The demand rate A and the minimum production
rate P, are 0.2 part/min and 0.4 part/min respectively. The maximum allowed number

of cutting passes are 4. Other data are given in Table 4.6.



Table 4.6 Input data for Model 2.2

Upper and lower bounds
Cutting speed (m/min) Feed rate (mm/rev) Depth of cut (mm)
Pass v @ v ) f;n fj'(-) d,-(” dl(u) d,(” dl(-)
1 90 120 0.8 20 1.0 5.0
2 90 120 0.8 20 1.0 5.0
3 90 120 08 20 1.0 5.0
4 168 210 0.13 0.50 03 09

The C code used to generate the LINGO-input-format for Model 2.2 example is
listed in Appendix C, and the LINGO-input format of Model 2.2 is in Appendix D. The
problem is solved by LINGO on a 486 PC. The computational time is about 3 seconds.
The total cost is $ 0.71045 per min. The optimum production batch size is 1627. The

details are shown in Table 4.7.

Table 4.7 Results for Model 2.2 example

Pass Variable Value
Cutting speed (m/min) v, 120.0000
1 Feed rate (mm/rev) N 2.000000
Depth of cut (mm) d, 2.700000
Cutting speed (m/min) v, 120.0000
2 Feed rate (mm/rev) § A 2.000000
Depth of cut (mm) d, 1.000000
Cutting speed (m/min) Vs 120.0000
3 Feed rate (mm/rev) J A 2.000000
Depth of cut (mm) d, 1.000000
Cutting speed (m/min) Ve 210.0000
4 Feed rate (mm/rev) A 0.500000
Depth of cut (mm) d, 0.300000
Dimension deviation (mm) y 0.050692
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Table 4.8 Different setup costs for Model 2.2

Setup cost ($/setup) Batch size Total cost ($/min)
10 417 0.7097644
20 822 0.710025
30 1225 0.7102428
40 1627 0.7104499
50 2025 0.7106525
60 2422 0.7108529

To gain some insights into the problem, additional computations were carried out.

The results are listed in Table 4.8. It is interesting to note that the batch size and setup

cost have a linear relationship (Figure 4.4) while other parameters remain unchanged.

It is also observed that the total cost is not much affected by the setup cost. This may

further reveal the importance of reducing setup cost and estimating the batch size.

N 3
‘@ 2400 +

@ 2600

€ 2200
& 2000
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600 |
400 |

40 50 60
Setup cost

Figure 4.4 Batch size versus setup cost
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Example for Model 2.3

In this case, three types of carbon steel shafts are to be produced in batches by a turning
process on a stand-alone NC machine. The tolerance limits for the products are set to
8;s, =0.0659 mm. The setup cost for each type of product is C,, is $ 40.0/setup and the
inventory holding rate i, is 20% per year (3.858 X107 per min). More data are given in
Table 4.9.

Table 4.9 Input data for Model 2.3

Product 1 Product 2 Product 3

Initial stock diameter D,, (mm) 120 50 90
Length to be cut L, (mm) 300 150 200
Demand rate A\; (parts/min) 0.18 0.12 0.15
Production rate P, (parts/min) 0.50 0.40 0.45
Surface roughness S; (um) 1.6 0.5 0.8
Total depth of cut d,,,,, (mm) 5.0 8.0 10.0
Upper and lower bounds
Cutting speed Feed rate Depth of cut
(m/min) (mm/rev) (mm)
Product Pass v ow® A A a® 4
1 90 120 08 2.0 1.0 5.0
1 2 90 120 0.8 2.0 1.0 5.0
3 168 210 0.13 0.5 04 09
1 90 120 0.8 2.0 1.0 5.0
2 2 90 120 0.8 2.0 1.0 5.0
3 168 210 0.13 0.5 03 0.8
1 90 120 0.8 20 1.0 5.0
3 2 90 120 0.8 2.0 1.0 5.0
3 168 210 0.13 0.5 035 0.8

A C code in Appendix E generates a LINGO-input-format for Model 2.3 example. The

generated LINGO input is shown in Appendix F. The problem is again solved using
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LINGO on a 486 PC. The computational time is 18 seconds. The total cost is $ 1.6142

per min with a production cycle time of 15445.74 min. Table 4.10 shows the output.

Table 4.10 Results for Model 2.3 example

Product Pass Variable Value
1 1 Cutting speed (m/min) Vi 120.0000
Feed rate (mm/rev) fu 2.000000
Depth of cut (mm) dy, 3.600000
2 Cutting speed (m/min) Via 120.0000
Feed rate (mm/rev) Sz 2.000000
Depth of cut (mm) d, 1.000000
3 Cutting speed (m/min) vis  210.0000
Feed rate (mm/rev) Js 0.500000
Depth of cut (mm) d;  0.400000
Dimension deviation (mm) y,;  0.051166
2 1 Cutting speed (m/min) Vy 120.0000
Feed rate (mm/rev) S 2.000000
Depth of cut (mm) d, 4.361455
2 Cutting speed (m/min) 1% 120.0000
Feed rate (mm/rev) JTa 2.000000
Depth of cut (mm) dn, 3.338545
3 Cutting speed (m/min) Vs 210.0000
Feed rate (mm/rev) I 0.500000
Depth of cut (mm) dy  0.300000
Dimension deviation (mm) y,;,  0.0510633
3 1 Cutting speed (m/min) vy 120.0000
Feed rate (mm/rev) N 1.810294
Depth of cut (mm) dy, 4.788111
2 Cutting speed (m/min) Vi 120.0000
Feed rate (mm/rev) Ja 1.999787
Depth of cut (mm) dy, 4.361889
3 Cutting speed (m/min) vy 210.0000
Feed rate (mm/rev) S 0.500000
Depth of cut (mm) dy;  0.850000

Dimension deviation (mm) y;, 0.051013
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Table 4.11 Different setup costs for Model 2.3

Setup cost ($/setup) Cycle time (min)  Total cost ($/min)
10 4333.99 1.611269
20 8273.076 1.612344
30 11951.47 1.613317
40 15445.74 1.614216
50 18814.82 1.615056
60 22105.66 1.615848

Additional computation results (Table 4.11) show that the cycle time has a linear
relationship with setup cost (Figures 4.5) when other data remain the same. This finding
may be used as a guideline to estimate the production cycle time. It is again observed

that the total cost is not considerably affected by setup cost.
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Figure 4.5 Cycle time versus setup cost
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Examples for Model 2.4 and Model 2.5

Consider a low carbon steel shaft (Figure 4.6) which is to be processed on three turning
machines to produce three different features. Each feature has to undergo three cutting
passes. The properties of the machines are the same. The first feature is produced from
the initial stock with diameter of 150 mm and length 300 mm where the total depth of
cut to be removed is 5.0 mm. From the resulting diameter, the second and third features
are produced. The second feature is produced by removing the total depth of cut of 8.0
mm at a length of 100 mm and the third feature is produced by removing the total depth
of cut of 10.0 mm at a length 150 mm. The surface roughness and tolerance limits for
all the features are 1.6 um and 0.0659 mm respectively. Other input data are shown in

Table 4.12. The data are same for both Model 2.4 and Model 2.5.

. ,
"~’ 3| 8 g
< "N =N -5'[
- 100—] L 150 —
300 300
Stock Finished part

Figure 4.6 A stock and a finished part (for Model 2.4 and Model 2.5)



Table 4.12 Input data for Model 2.4 and Model 2.5

Upper and lower bounds
Cutting speed Feed rate Depth of cut
(m/min) (mm/rev) (mm)
Feature Pass Vel ve® L f® 4 4, 4
1 90 120 0.8 20 5.0
1 2 90 120 0.8 20 5.0
3 168 210 0.13 0.5 03 1.0
1 90 120 0.8 20 5.0
2 2 90 120 08 20 5.0
3 168 210 0.13 0.5 03 1.0
1 90 120 0.8 20 50
3 2 90 120 0.8 20 5.0
3 168 210 0.13 0.5 03 1.0

The corresponding C program for generating the LINGO model format and the
generated format for Model 2.4 are respectively listed in Appendices G and H. The
problem is solved in LINGO on a 486 PC. The computational time is 11.53 minutes. The
increased computational time is mainly caused by the increased problem size. Workload
assignment is shown in Table 4.13. For example, all three passes of feature 1 have been
assigned to machine 1, the last pass of feature 2 is allocated to machine 2 and the first
pass of feature 2 to machine 3. The optimum machining parameters and feature
dimension deviations of all machine-pass-feature combinations are also shown in the
Table. The minimum production cost is $ 13.4193 per piece with a cycle time of 3.53
min. The production times of the first, second and third machine are 2.418 min, 0.7 min
and 1.247 min respectively. It clearly shows that, with the objective of minimizing

production cost, the workloads on the machines are not balanced and slack times are
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observed on all the machines. Therefore, if production time or due date is a more

concerned, cycle time should be used as the objective. To this end, Model 2.5 will be

used.
Table 4.13 Machining parameters and feature dimension deviations
for Model 2.4 example
M/c Pass Feature v f d y
1 1 120.0000 2.000000 4.361455
1 2 1 120.0000 2.000000 0.3385453
3 1 210.0000 0.500000 0.300000 0.05104959
2 3 2 210.0000 0.500000 1.000000 0.05104512
1 3 120.0000 2.000000 4.361455
1 2 120.0000 2.000000 4.361455
3 2 2 120.0000 2.000000 2.638545
2 3 120.0000 1.872690 4.638545
3 3 210.0000 0.500000 1.000000 0.05104590

Note: v is cutting speed (m/min), f is feed rate (mm/rev), d 1s depth of cut (mm) and

y is dimension deviation (mm).

The same set of input data are used for Model 2.5. The C program for generating
the LINGO input is shown in Appendix I and the resulting LINGO format is listed in
Appendix J. It took 2.33 minutes for LINGO to solve the problem on a 486 PC. The
summary of optimal workload assignment, machining parameters and feature dimension
deviations of all the machine-pass-feature combinations are presented in Table 4.14. The
minimum cycle time now is 2.88 min which is significantly shorter than 3.53 min

obtained by solving Model 2.4. However, the machines are still not well balanced. Now,
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the production times for machine 1, 2, and 3 are 2.88 min, 0.524 min, and 1.395 min

respectively. This means that most of workload is assigned to the first machine. To

improve the balance, the models need to be refined.

Table 4.14 Machining parameters and feature dimension deviations

for Model 2.5 example
M/c Pass Feature v f d y
1 1 120.0000 2.000000 4.361455
1 2 1 120.0000 2.000000 0.3385453
3 1 210.0000 0.500000 0.300000 0.065900
1 2 120.0000 2.000000 2.000000
2 3 120.0000 2.000000 4.000000
2 3 2 168.0034 0.500000 1.000000 0.04432998
2 2 90.00602 1.444168 5.000000
3 1 120.0000 1.728426 5.000000
3 168.0046 0.500000 1.000000 0.065900

According to Agapiou (1992), the production time equality constraint tends to

reduce or eliminate the slack time at all the machines with a remarkable reduction in the

cycle time. The production time inequality constraint (3.89) is changed to a production

time equality constraint and Model 2.4 and Model 2.5 are solved again. The production

time equality constraint specifies that the sum of production time and slack time should

be equal to the cycle time. The new results are summarized in Table 4.15 and Table 4.16

respectively. The minimum production cost obtained from Model 2.4 now is $ 13.7745
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per piece with a cycle time of 1.91 min. The production times for the first, second and
third machine are 1.91 min, 1.17 min and 1.41 min respectively. Although the workloads
on machines are not perfectly balanced, the slack and cycle time are reduced
significantly. The cycle time is reduced from 3.53 min to 1.91 min which is about
45.9% . However, the production cost is increased from $ 13.4193 per piece to $ 13.7745
per piece at about 2.65%.

The minimum cycle time resulting from Model 2.5 with a production time
equality constraint is 1.6265 min. The production time is the same for all machines and
is 1.6265 min. This means the workloads on machines are perfectly balanced and the
slack times are totally eliminated from all the machines. The cycle time reduces from

2.8824 min to 1.6265 min which is about 43.6%.

Table 4.15 Machining parameters and feature dimension deviations
for Model 2.4 example using production time equality constraint.

M/c Pass Feature 14 f d y
3 1 210.0000 0.500000 1.000000 0.05104782
1 1 3 120.0000 1.953622 4.458347
2 3 120.0000 1.915382 4.541653
1 1 120.0000 2.000082 2.000000
2 1 2 120.0000 2.000000 4.361455
3 2 210.0000 0.500000 1.000000 0.05105276
2 1 120.0000 2.000000 1.999918
3 2 2 120.0000 2.000000 2.638545
3 3 210.0000 0.500000 1.000000 0.05105875
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Table 4.16 Machining parameters and feature dimension deviations
for Model 2.5 example using production time equality constraint.

M/c Pass Feature 14 S d y
3 1 210.0000 0.500000 0.300000 0.065900
1 2 3 120.0000 2.000000 4.000000
1 1 120.0000 2.000000 4.361455
2 1 2 120.0000 1.869154 2.580175
3 2 168.0000 0.500000 1.000000 0.065900
1 3 120.0000 1.728502 5.000000
2 1 120.0000 2.000000 0.3385453
3 2 2 90.00000 1.971799 4.419825
3 3 168.0000 0.500000 1.000000 0.065900
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Chapter 5

Conclusions and Recommendations

The objectives proposed in Chapter 1 have been achieved. The accomplished work is

summarized as follows:

)

@

A

The tolerancing and machining parameters decisions have been integrated. The
first-stage model has been formulated as a design problem and solved for
optimum part tolerance. The optimum part tolerance obtained in the first stage has
been incorporated in the formulation of manufacturing related problems in the
second stage.

A single-product, multi-pass model considering pass selection for single-machine
turning process is formulated and solved. The model is solved for optimum
cutting speed, feed rate, depth of cut, dimension deviation and number of passes.
The illustrative example clearly shows that the production cost can be reduced by
proper selection of cutting passes.

A single-product multi-pass model considering inventory and setup costs for
single-machine turning process is developed and solved to determine optimum

cutting speed, feed rate, depth of cut, dimension deviation and production batch
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size. Our calculation shows that batch size is linearly related to setup cost. This
finding confirms the importance of setup cost reduction and may be used as a
guideline in estimating the production batch size.

A multi-product multi-pass model considering inventory and setup costs for
single-machine turning process is proposed. The optimum cutting speed, feed
rate, depth of cut, dimension deviations and production cycle time can be
simultaneously determined for several products by solving this model. It is also
observed that the production cycle time is proportional to setup cost.

The formulation of a multi-feature multi-pass model for multi-machine turning
processes with an objective of minimizing total cost has been carried out. In
addition to optimizing cutting speed, feed rate, depth of cut, and feature
dimension deviations, this model also optimizes the workload assignment between
machines.

A multi-feature multi-pass model for multi-machine turning processes with an
objective of minimizing cycle time is formulated. This model is preferred if

production time is an important concern.

The following are some interesting topics for future study:

)

Integration of tolerancing and machining decisions for multi-dependent parts.
Model 2.3 has considered multiple parts but these parts are independent. The
dimension of the part components in assembly are dependent on each other. The
decision of tolerance allocation between the dependent components should be

integrated with the machining decisions so that the quality loss and machining cost
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can be simultaneously considered.

Integration of tolerancing and machining decisions for milling operations. This
study has focused on tuming operations. In reality, however, most of the parts
need milling operations. Simultaneously considering tolerancing and machining
decisions for milling operations will be of particular interest.

Mulii-part multi-machine problem. In Section 3.3.2, the two models for multi-
machine operation deal with only a single-part problem. In practice, a multi-
machine system is mostly used for a variety of parts. Therefore, the models
should be extended to multi-part problems. A foreseeable problem is that the
computational time could be too long to implement these models. An efficient

solution method is thus desirable.
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Appendix A

C code for generating LINGO-format-input for Model 2.1

/*
This program is used to generate the LINGO-format-input model
*/

# include <stdio.h>
# include <conio.h>
# include <stdlib.h>
# include <math.h>

# define pi 3.14159
# define ¢ 6120

/*
Q = number of passes
*/

int k,Q,R;
float alpha,beta,z1,22,23,24,25,26,kP,cc;

float D0=90.0,
L=200.0,
c0=3.0,
kT =1570000.00,
alphaT=1.70,
betaT=1.55,
gammaT=1.22,
ct=5.5,
tr=0.5,
w=0.1,
ca=3.0,
ta=0.2,
A=1.0,
dtotal=5.0,



delta=0.0659,
betaF=1.18,
gammaF=1.26,
kF=1.38,
Fc_u=20.0,
eta=0.8,
Pc_u=2.0,
kS=1.17,
alphaS=-0.25,
betaS=0.72,
gammaS=0.23,
SF_u=1.6;

static float vj_I[S] = {0.0,90.0,90.0,90.0,168.0};
static float vj_u[S] = {0.0,120.0,120.0,120.0,210.0};
static float fj_I[S] = {0.0,0.8,0.8,0.8,0.13};

static float fj_u[5] = {0.0,2.0,2.0,2.0,0.50};

static float dj_I[S] = {0.0,0.0,0.0,0.0,0.3};

static float dj_u[5] = {0.0,5.0,5.0,5.0,1.0};

FILE *mus;
main()

{

clrscr();

Q=4;

R=1000;
alpha=alphaT-1;
beta=betaT-1;

z1 =pi*DO*L*co/R;
22=pi*DO*L/(R*KT);
z3=pi*L*co/R;
z4=pi*L/KT;
ZS=w*ca*ta;
z6=w*A/(delta*delta);
kP =kF/(eta*c);
cc=ct+co*tr;

/*

The following statement specifies the name for
the generated file
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*/

mus = fopen("mod21”,"w");

/*

The following section generates the objective function
*/

fprintf(mus, "MODEL\n");
fprintf(mus, "min=");

for (k=1k<=Q-3;k++)
{
fprintf(mus,* % f*v%d*(-1)*f%d"(-1)*p%d+ B*v%d* %f\n",
zl,k,k,k,z2 k,alpha);

fprintf(mus, "*f%d* % f*d %d"* % f* % *p%d + % *(% f-2*d%d)\n",
k,beta,k,gammaT,cc,k,z3,D0,k);

}

for (k=2;k<=Q-2;k++)
fprintf(mus, "*v%d*(-1)*f%d*(-1)*p%d",k,k,k);
fprintf(mus, " + % *10*(-3)",z4);

for (k=1;k<=Q-3;k++)
fprintf(mus, "*(%f-2*d %d)\n",D0,k);

for (k=2;k<=Q-2;k++)

{
fprintf(mus, " *v%d” % f*f%d* %f*d %d" % f*% f*p%d\n",k,alpha,

k,beta,k,gammaT,cc,k);
}

for (k=1;k< =Q-3;k++)
{
fprintf(mus,* + % f*(%f-2*d %d",z3,D0,k);
}
for (k=2;k< =Q-2;k++)
{

fprintf(mus, *-2*d %d)" ,k);
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for (k=3;k<=Q-1;k++)
{
fprintf(mus, " *v%d*(-1)*f%d* -1)*p%d+ %f*10*(-3)\n" k,k k,z4);

for (k=1;k<=Q-3;k++)
fprintf(mus, "*(%f-2*d %d",D0,k);

for (k=2;k<=Q-2;k++)
{
fprintf(mus, *-2*d %d)" ,k);

for (k=3;k<=Q-1;k++)
{

fprintf(mus,"*v%d“%t"‘f%d‘%t"d%d‘%t"%t"p%d\n',k,alpha,
k,beta,k,gammaT,cc,k);

for (k=1;k<=Q-3;k++)
fprintf(mus, " + % *(%f-2*d %d",z3,D0,k);

for (k=2;k<=Q-2;k++)
{

fprintf(mus,*-2*d%d" k);

for (k=3;k<=Q-1;k++)
fprintf(mus,"-2*d %d)" k);

for (k=4;k<=Q;k++)
fprintf(mus,"*v%d*(-1)*f%d"(-1)*p%d + % £*10*(-3)\n" k,k k,z4);

for (k=1;k<=Q-3;k++)
{
fprintf(mus,"*(%f-2*d %d",DO0,k);
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}
for (k=2;k<=Q-2;k++)
{
fprintf(mus,"-2*d%d",k);

for (k=3;k<=Q-1;k++)

fprintf(mus,"-2*d %d)" ,k);
}

for (k=4;k< =Q;k++)

{
fprintf(mus, "*v%d* % f\n", k,alpha);
fprintf(mus, "*f%d“ % f*d %d* % f*pRd*(%f+ %f/y+ % f*y);\n",
k,beta,k,gammaTk,cc,25,26);

}

/ *

This section generates cutting speed, feed rate, cutting
force and cutting power constraints

*/

for (k=1;k< =Q;k++)

fprintf(mus,"v%d > = %f;\n" k,vj_I[k],k);

fprintf(mus, "v%d < =%f;\n" k,vj_u[k],k);

fprintf(mus, "f%d > = %f;\n" k,fj_I[k],k);

fprintf(mus, "f%d < = %f;\n",k,fj_u[k],k);

fprintf(mus, " % f*f%d* % f*d %d" %f< = %f;\n" kF,k,betaF,
k,gammaF,Fc_u);

fprintf(mus, " % f*v%d*f%d* %f*d%d" %f< =%f;\n" kP, k,
k,betaF,k,gammaF,Pc_u);

}

/*
This section generates depth of cut constraints
*/

for (k=1;k<=Q-1;k++)

{
fprintf(mus, *d%d < = %f;\n" k,dj_u[k]);
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for (k=4;k< =Q;k++)

fprintf(mus,"d%d > = %f:\n" k,dj_I[k]);
fprintf(mus,"d %d < = %f;\n" k,dj_u[k]);
}

/t
This section generates continuous variables for selecting passes
*/

for (k=1;k<=Q-1;k++)
{

fprintf(mus, "p%d > =0;\n",k);
fprintf(mus,"p%d < =1;\n",k);
}

for (k=4;k< =Q;k++)

fprintf(mus, "p%d=1;\n" k);
}

/ *
This section generates constraints for sum of depth of cut
*/

for (k=1k<=Q-1;k++)

{
fprintf(mus,"d%d+" ,k);

for (k=4;k< =Q;k++)

{
fprintf(mus,"d%d= %f;\n" k,dtotal);

for (k=1;k< =Q-1;k++)

{
fprintf(mus,"p%d*d%d +" k,k);

for (k=4;k< =Q;k++)

fprintf(mus, "p%d*d %d = %f;\n" k,k,dtotal);
}
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for k=1;k<=Q-1;k++)

fprintf(mus,"d%d/ % f-p%d < = %f;\n" k,dtotal, k);

/t
This section generates part dimension deviation constraint
*/

fprintf(mus, "y > =0;\n");
fprintf(mus, "y < = %f;\n",delta);

/*
This section generates surface finish constraint
*/

for (k=4;k<=Q;k++)

fprintf(mus, " % f*v%d* % f*f%d" %f*d %d“ %f< = %f;\n",kS,k,
alpha$, k,betaS, k,gammaS,SF_u);

}

fprintf(mus, "END\n");

fprintf(mus,"BAT\n");

return 0;

}



Appendix B

LINGO-format-input for the example problem of Model 2.1

MODEL
min=169.645859*v1*(-1)*f1*(-1)*p1 +0.000036*v1~0.700000
*£1°0.550000*d 1*1.220000*7.000000*p1 + 1.884954*(90.000000-2*d1)
*v2°(-1)*f2*(-1)*p2 +0.000400*10"(-3)*(90.000000-2*d 1)
*v20.700000*£2*0.550000*d2*1.220000*7.000000*p2
+1.884954*(90.000000-2*d1-2*d2)*v3“(-1)*f3*(-1)*p3+0.000400*10*(-3)
*(90.000000-2*d 1-2*d2)*v30.700000*f3"0.550000*d3*1.220000*7.000000*p3
+1.884954*(90.000000-2*d 1-2*d2-2*d3)*v4"(-1)*f4*(-1)*p4 +0.000400*10*(-3)
*(90.000000-2*d 1-2*d2-2*d3)*v4*0.700000
*£40.550000*d4"1.220000*p4*(7.000000+0.060000/y +23.026567*y);
vl > =90.000000;

vl < =120.000000;

f1> =0.800000;

f1 < =2.000000;

1.380000*£1*1.180000*d1*1.260000 < =20.000000;
0.000282*v1*f1*1.180000*d1*1.260000 < =2.000000;

v2 > =90.000000;

v2 < =120.000000;

2> =0.800000;

f2 < =2.000000;

1.380000*2*1.180000*d2*1.260000 < =20.000000;
0.000282*v2*2*1.180000*d2"1.260000 < =2.000000;

v3> =90.000000;

v3 < =120.000000;

£3> =0.800000;

3 < =2.000000;

1.380000*£3*1.180000*d3*1.260000 < =20.000000;
0.000282*v3*f3*1.180000*d31.260000 < =2.000000;

v4 > =168.000000;

v4 < =210.000000;

f4> =0.130000;

f4 < =0.500000;

1.380000*f4*1.180000*d4*1.260000 < =20.000000;
0.000282*v4*f4*1.180000*d4*1.260000 < =2.000000;

d1 < =5.000000;
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d2 < =5.000000
d3 < =5.000000;
d4 > =0.300000
d4 < =1.000000
pl>=0;
pl<=l;
p2>=0;
p2<=l;
p3>=0;
p3<=l;

p4=1;
d1+d2+d3+d4=5.000000;
pl*d1+p2*d2+p3*d3+p4*d4=5.000000;

d1/5.000000-p1 < =0.000000;

d2/5.000000-p2 < =0.000000;

d3/5.000000-p3 < =0.000000;

y>=0;

y < =0.065900;
1.170000*v4*-0.250000*£4*0.720000*d4"0.230000 < = 1.600000;
END

BAT

- e
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Appendix C

C code for generating LINGO-format-input for Model 2.2

J*
This program is used to generate the LINGO-format-input model
*/

# include <stdio.h>
# include <conio.h>
# include <stdlib.h>
# include <math.h>

# define pi 3.14159
# define ¢ 6120

/*
Q = number of passes
*/

int k,Q,R;
float alpha,beta,z1,22,23,24,25,26,27,28,29,z10,kP,cc,wt;

float D0=90.0,
L=200.0,
c0=3.0,
kT =1570000.00,
alphaT=1.70,
betaT=1.55,
gammaT=1.22,
ct=5.5,
tr=0.5,
w=0.1,
ca=3.0,
ta=0.2,
A=1.0,
dtotal =5.0,
delta=0.0659,
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betaF=1.18,
gammaF=1.26,
kF=1.38,
Fc_u=20.0,
eta=(0.8,
Pc_u=2.0,
kS=1.17,
alphaS=-0.25,
betaS=0.72,
gammaS=0.23,
SF_u=1.6,
cs=40.0,
ih=3.858,
lambda=0.2,
rate=0.4;

static float vj_I[5] = {0.0,90.0,90.0,90.0,168.0};
static float vj_u[5] = {0.0,120.0,120.0,120.0,210.0}

static float fj_I[5] = {0.0,0.8,0.8,0.8,0.13});
static float fj_u[5] = {0.0,2.0,2.0,2.0,0.5};
static float dj_I{5] = {0.0,1.0,1.0,1.0,0.3};
static float dj_u[S] = {0.0,5.0,5.0,5.0,0.9};

FILE *mus;
main()

{

clrscr();

Q=4;

R=1000;
alpha=alphaT-1;
beta=betaT-1;
z1=pi*D0*L*co/R;
22 =pi*DO*L/(R*KT);
Z3=pi*L*co/R;
z4=pi*L/KT;
Z5=w*ca*ta;
z6=w*A/(delta*delta);
z7=pi*DO*L/R;
29=pi*L/R;

kP =kF/(eta*c);
cc=ct+co*tr;

94



wt=w*ta;

/*

The following statement specifies the name for

the generated file

*/

mus = fopen("mod22","w");

/#

The following section generates the objective function
*/

fprintf(mus,"MODEL\n");
fprintf(mus, "min=");

for (k=1;k<=Q-3;k++)
{
fprintf(mus, " (% f*v%d"(-1)*f%d"(-1) + Bf*v%d* % f\n",
zl,k,k,z2,k,alpha);
fprintf(mus, " *f%d" % f*d %d* % * % f+ % *(%f-2*d %d)\n",

k,beta,k,gammaT,cc,z3,D0,k);
}

for (k=2;k<=Q-2;k++)
fprintf(mus, " *v%d*(-1)*f%d*(-1)",k,k);
fprintf(mus, " + %*10*(-3)",z4);

for (k=1;k<=Q-3;k++)

{ fprintf(mus, "*(%f-2*d%d)\n",D0,k);

for (k=2;k<=Q-2;k++)
fprintf(mus, " *v%d* % f*f%d* % f*d%d" % f*%f\n" k,alpha,

k,beta,k,gammaT,cc);
}
for (k=1;k<=Q-3;k++)
{

fprintf(mus, " + % *(%f-2*d %d",23,D0,k);
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}
for (k=2;k< =Q-2;k++)

fprintf(mus, "-2*d%d)",k);

for (k=3;k< =Q-1;k++)
{
fprintf(mus, " *v%d*(-1)*f%d"(-1) + %£*10*(-3)\n",k k,24);

for (k=1;k< =Q-3;k++)
{
fprintf(mus, "*(%f-2*d%d",DO,k);

for (k=2;k< =Q-2;k++)

fprintf(mus, "-2*d%d)", k);

for (k=3;k<=Q-1;k++)
fprintf(mus, "*v%d* % f*f%d" % *d %d* % * %f\n" k,alpha,
k,beta,k,gammaT,cc);
}

for (k=1;k< =Q-3;k++)

{
fprintf(mus, " + % f*(%£-2*d %d",z3,D0,k);

for (k=2;k< =Q-2;k++)

{
fprintf(mus,*-2*d%d" ,k);

for (k=3;k<=Q-1;k++)
{
fprintf(mus, "-2*d%d)",k);

for (k=4;k< =Q;k++)
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{

fprintf(mus, " *v%d*(-1)*f%d"(-1) + % *10*(-3)\n",k,k,z4);
for (k=1;k< =Q-3;k++)
{

fprintf(mus, " *(%f-2*d%d",D0,k);

for (k=2;k<=Q-2;k++)
fprintf(mus, "-2*d %d" k);

for (k=3;k<=Q-1;k++)

fprintf(mus, "-2*d %d)" k);

for (k=4;k<=Q;k++)
fprintf(mus, **v%d* %f\n" k,alpha);

fprintf(mus, "*f%d* % f*d %d* % f*(%f+ %fly + % f*y))*(%f+\n",
k,beta,k,gammaT,cc,z5,26,lambda);

for (k=1k< =Q-3;k++)
fprintf(mus, " %*10*(-7)*Qs/2*(1- % f*(% f*v %d"(-1)*f % d*(-1) + % *v%d* %f\n",
ih,lambda,z7,k,k,22 k,alpha);
fprintf(mus, "*f%d* % f*d %d* % *%f+ % *(%f-2*d%d)\n",k,beta,
k,gammaT,tr,z3,D0,k);

}

for (k=2;k< =Q-2;k++)

fprintf(mus, "*v%d*(-1)*f%d*(-1)",k,k);
} fprintf(mus, " + %*10(-3)",z4);
for (k=1;k< =Q-3;k++)

fprintf(mus, "*(%f-2*d %d)\n",D0,k);
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for (k=2;k< =Q-2;k++)

fprintf(mus, "*v%d* % *f%d" % M*d%d" % *%f\n" k,alpha k,beta,
k,gammaT,tr);

for (k=1;k<=Q-3;k++)
fprintf(mus, " + % *(%f-2*d %d",z9,D0,k);

for (k=2;k< =Q-2;k++)
fprintf(mus, *-2*d%d)",k);

for (k=3;k<=Q-1;k++)
fprintf(mus, "*v%d*(-1)*f%d*(-1) + %£*10*(-3)\n" ,k  k,z4);

for (k=1;k<=Q-3;k++)
{
fprintf(mus, " *(%f-2*d %d",D0,k);

for (k=2;k<=Q-2;k++)
fprintf(mus,”-2*d %d)" ,k);

for k=3;k<=Q-1;k++)
fprintf(mus,"*v%d* % f*f%d* %*d %d" % *%f\n" k,alpha,k,beta,

k,gammaT,tr);

for (k=1;k<=Q-3;k++)

fprintf(mus, " + %*(%f-2*d %d",29,D0,k);

for (k=2;k< =Q-2;k++)
{
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fprintf(mus, *-2*d%d" k);

for (k=3;k<=Q-1;k++)
{
fprintf(mus, "-2*d %d)" ,k);

for (k=4;k< =Q;k++)

fprintf(mus, "*v%d*(-1)*f%d*(-1) + %£*10*(-3)\n",k,k,z4);

for (k=1;k< =Q-3;k++)

fprintf(mus, " *(%f-2*d %d",D0,k);

for (k=2;k< =Q-2;k+ +)
{

fprintf(mus,*-2*d %d" k);

for (k=3;k< =Q-1;k++)

fprintf(mus,"-2*d %d)",k);
}

for (k=4;k< =Q;k++)

fprintf(mus, " *v%d* %f\n" k,alpha);
fprintf(mus, " *f%d* % f*d %d" % *(%f+ %£/y)))) + % *%£/Qs;\n" k,beta,
k,gammaT,tr,wt,lambda,cs);

}

/*

This section generates cutting speed, feed rate, cutting

force and cutting power constraints

*/

for k=1;k<=Q;k++)

fprintf(mus,"v%d > = %f;\n" k,vj_I[k]);
fprintf(mus, "v%d < = %f;\n" k,vj_u[k]);
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fprintf(mus, " f%d > = %f;\n" k,fj_I[k]);

fprintf(mus, "f%d < = %f;\n" k,fj_u[k]);

fprintf(mus,* % f*f%d* % *d%d* %f< = %f;\n",kF k,betaF,
k,gammaF,Fc_u);

fprintf(mus, " % f*v%d*f%d" % *d%d* %f< = %f;\n" kP k,
k,betaF,k,gammaF,Pc_u);

}

/t
This section generates constraints for depth of cut and sum of depth of cut
*/
for (k=1;k< =Q;k++)
fprintf(mus,"d%d > = %f;\n" k,dj_I[k]);
fprintf(mus,"d%d < = %f;\n" k,dj_u[k]);
}
for (k=1;k< =Q-1;k++)

fprintf(mus,"d%d+",k);
}

for (k=4;k< =Q;k++)
fprintf(mus,"d%d = %f;\n" k,dtotal);

/8

This section generates dimension deviation constraint

*/

fprintf(mus,"y > =0;\n");
fprintf(mus,"y < = %f;\n",delta);

/t

This section generates surface finish constraint
*/

for (k=4;k< =Q;k++)

fprintf(mus,* % f*v%d* B %d" % *d%d* %f < = %f;\n",kS,k,
alphas$, k,betaS,k,gammaS,SF_u);
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}

/#

This section generates the constraint such that the

demand rate is less than the production rate

*/

for (k=1;k< =Q-3;k++)
fprintf(mus, " 1/(%f*v%d*(-1)*f%d*(-1)+ % *v%d~ %f\n", 27,k k,
22,k,alpha);
fprintf(mus, "*f%d" % *d %d" HI*%f+ %L (%f-2*d %d)\n" k,beta, k,
gammaT,tr,z3,D0,k);

}

for (k=2;k< =Q-2;k++)

{
fprintf(mus, "*v%d*(-1)*f%d“(-1)" k,k);
fprintf(mus, " + % £*10*(-3)",z4);

for (k=1;k<=Q-3;k++)
fprintf(mus, " *(%f-2*d %d)\n",D0,k);

}

for (k=2;k<=Q-2;k++)

{
fprintf(mus, " *v%d* % f*f%d" % *d%d" % *%f\n" k,alpha,k,beta,
k,gammaT,tr);

for (k=1;k<=Q-3;k++)

{

fprintf(mus,* + % f*(%f-2*d %d",29,D0,k);

for (k=2;k< =Q-2;k++)
{
fprintf(mus, "-2*d %d)",k);

for (k=3;k<=Q-1;k++)
fprintf(mus, " *v%d*(-1)*f%d"(-1) + %*10*(-3)\n",k,k,z4);
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for (k=1;k<=Q-3;k++)
{
fprintf(mus, "*(%f-2*d%d",D0,k);

for (k=2;k<=Q-2;k++)
{
fprintf(mus, *-2*d %d)" k);

for (k=3;k<=Q-1;k++)
{

fprintf(mus, "*v%d* % f*f%d" %*d%d" %*%f\n", k,alpha,k,beta,
k,gammaT,tr);

for (k=1;k<=Q-3;k++)
fprintf(mus, " + % f*(% f-2*d %d",z9,D0,k);

for (k=2;k<=Q-2;k++)
fprintf(mus, "-2*d %d",k);

for (k=3;k< =Q-1;k++)
{

fprintf(mus, "-2*d %d)" ,k);
for (k=4;k<=Q;k++)

fprintf(mus, " *v%d”(-1)*f%d*(-1) + % £*10*(-3)\n" k. k,z4);
for (k=1k<=Q-3;k++)

{
fprintf(mus, " *(%f-2*d %d",D0,k);

}
for (k=2;k<=Q-2;k++)
fprintf(mus,"-2*d %d" k);
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for (k=3;k<=Q-1;k++)
fprintf(mus,”-2*d %d)" k);

for (k=4;k<=Q;k++)

{

fprintf(mus, " *v%d* %f\n" k,alpha);
fprintf(mus, " *f%d* %f*d %d* B (Bf+ %fly)) > = %f;\n",k,beta,k,gammaT,
tr,wt,rate);

}

fprintf(mus,"END\n");

fprintf(mus,"BAT\n");

return O;

}
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Appendix D

LINGO-format-input for the example problem of Model 2.2

MODEL
min=(169.645859*v1“(-1)*f1*(-1)+0.000036*v1“0.700000
*£1°0.550000*d11.220000*7.000000+ 1.884954*(90.000000-2*d1)
*v2*(-1)*£2*(-1)+0.000400*10"(-3)*(90.000000-2*d1)
*v2*0.700000*£2-0.550000*d2*1.220000*7.000000
+1.884954*(90.000000-2*d1-2*d2)*v3*(-1)*f3*(-1) +0.000400*10*(-3)
*(90.000000-2*d1-2*d2)*v30.700000*£3*0.550000*d3* 1.220000*7.000000
+1.884954*(90.000000-2*d 1-2*d2-2*d3) *v4“(-1)*f4"(-1) +0.000400*10*(-3)
*(90.000000-2*d 1-2*d2-2*d3)*v40.700000
*f4‘0.550000*d4*1.220000*(7.000000+0.060000/y+23.026567“'y))*(0.200000+
3.858000*10%(-7)*Qs/2*(1-0.200000*(56.548618*v1~(-1)*f1*(-1)+0.000036*v1*0. 700000
*f170.550000*d1*1.220000*0.500000 + 1.884954*(90.000000-2*d1)
*v2°(-1)*f2*(-1)+0.000400*10"(-3) *(90.000000-2*d 1)
*v2°0.700000*£2*0.550000*d2"1.220000*0. 500000
+0.628318%(90.000000-2*d 1-2*d2)*v3*(-1)*f3*(-1) +0.000400*10*(-3)
*(90.000000-2*d1-2*d2)*v30.700000*£30.550000*d3*1.220000*0. 500000
+0.628318*(90.000000-2*d 1-2*d2-2*d3)*v4*(-1)*f4"(-1) +0.000400*10*(-3)
*(90.000000-2*d1-2*d2-2*d3)*v4“0.700000
*£4°0.550000*d4*1.220000*(0.500000+0.020000/y)))) +0.200000*40.000000/Qs;
vl > =90.000000;

vl < =120.000000;

f1 > =0.800000;

f1 < =2.000000;

1.380000*f1°1.180000*d1~1.260000 < =20.000000;
0.000282*v1*f1*1.180000*d1*1.260000 < =2.000000;

v2 > =90.000000;

v2 < =120.000000;

2 > =0.800000;

2 < =2.000000;

1.380000*f2*1.180000*d2*1.260000 < =20.000000;
0.000282*v2*£2*1.180000*d2*1.260000 < =2.000000;

v3 > =90.000000;

v3 < =120.000000;

f3 > =0.800000;

f3 < =2.000000;
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1.380000*3*1.180000*d3*1.260000 < =20.000000;
0.000282*v3*£3*1.180000*d3“1.260000 < =2.000000;
v4 > =168.000000;

v4 < =210.000000;

f4> =0.130000
f4 < =0.500000;
1.380000*f4*1.180000*d4*1.260000 < =20.000000;
0.000282*v4*f4*1.180000*d4“1.260000 < =2.000000;

d1> =1.000000;

d1 < =5.000000;

d2 > =1.000000;

d2 < =5.000000;

d3> =1.000000;

d3 < =5.000000;

d4 > =0.300000;

d4 < =0.900000;

d1+d2+d3+d4=5.000000;

y>=0;

y < =0.065900;

1.170000*v4*-0.250000*f40.720000*d4“0.230000 < = 1.600000;
1/(56.548618*v1*(-1)*f1*(-1)+0.000036*v1“0. 700000
*£1°0.550000*d11.220000*0.500000+ 1.884954*(90.000000-2*d1)
*v27(-1)*£2*(-1) +0.000400*10”(-3) *(90.000000-2*d1)
*v2°0.700000*f2*0.550000*d2~1.220000*0. 500000
+0.628318*(90.000000-2*d 1-2*d2)*v3*(-1)*f3(-1) +0.000400*10*(-3)
*(90.000000-2*d 1-2*d2)*v3“0.700000*£30.550000*d3*1.220000*0. 500000
+0.628318*(90.000000-2*d 1-2*d2-2*d3)*v4*(-1)*f4*(-1)+0.000400*10*(-3)
*(90.000000-2*d1-2*d2-2*d3)*v4"0.700000
*£4°0.550000*d4*1.220000*(0.500000+0.020000/y)) > =0.400000;

END

BAT
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Appendix E

C code for generating LINGO-format-input for Model 2.3

/ *
This program is used to generate the LINGO-format-input model
*/

# include <stdio.h>
# include <conio.h>
# include <stdlib.h>
# include <math.h>

# define pi 3.14159
# define c 6120

/*

= number of types of products
Q = number of passes
*/

int i,k,Q,P,R;

float alpha,beta,zl,22,23,24,25,26,27,ul,u2,u3,
u4,u5,u6,u7,vl,v2,v3,v4,v5,v6,v7,wt,ww,kP,cc;

float co=3.0,
kT=1570000.00,
alphaT=1.70,
betaT=1.55,
gammaT=1.22,
ct=5.5,
tr=0.5,
w=0.1,
ca=3.0,
ta=0.2,
A=1.0,
betaF=1.18,
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gammaF=1.26,
kF=1.38,
Fc_u=20.0,
eta=0.8,
Pc_u=2.0,
kS=1.17,
alphaS=-0.2§,
betaS=0.72,
gammaS=0.23,
¢cs=40.0,
ih=3.858;

static float DO[4] = {0.0,120.0,50.0,90.0};
static float L[4] = {0.0,300.0,150.0,200.0};
static float delta[4] = {0.0,0.0659,0.0659,0.0659};
static float lambda[4] = {0.0,0.18,0.12,0.15};
static float rate[4] = {0.0,0.50,0.40,0.45};
static float dtotal(4] = {0.0,5.0,8.0,10.0};
static float SF_u[4] = {0.0,1.6,0.5,0.8};
static float v_I[4] = {0.0,90.0,90.0,168.0};
static float v_u{4] = {0.0,120.0,120.0,210.0};
static float f_1[4] = {0.0,0.8,0.8,0.13};
static float f_u[4] = {0.0,2.0,2.0,0.50};
static float d_I[4][4] = {
{0.0,0.0,0.0,0.0},
{0.0,1.0,1.0,0.4},
{0.0,1.0,1.0,0.3},
{0.0,1.0,1.0,0.35}

|

static float d_uf4][4] = {
{0.0,0.0,0.0,0.0},
{0.0,5.0,5.0,0.9},
{0.0,5.0,5.0,0.8},
{0.0,5.0,5.0,0.85}

FILE *mus;

main()

{

clrscr();
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P=3;Q=3;

R=1000;

alpha=alphaT-1;
beta=betaT-1;
z1=pi*DO[1]*L[1]*co/R;

22 =pi*DO[1]*L[1}/(R*KT);
zZ3=pi*L[1]*co/R;
z4=pi*L[1)/KT;
25=w*A/(delta[1]*delta[1]);
26=pi*DO[1]*L[1)/R;
Z7=pi*L[1)/R;

ul =pi*DO[2)*L[2]*co/R;
u2=pi*DO[2]*L[2}/(R*KT);
u3=pi*L[2]*co/R;

u4 =pi*L[2)/KT;

uS =w*A/(delta[2]*delta[2]);
u6=pi*DO[2]*L[2)/R;
u7=pi*L[2}J/R;
v1=pi*DO[3]*L[3]*co/R;
v2=pi*D0[3]*L[3)/(R*KkT);
v3=pi*L[3]*co/R;

v4 =pi*L[3)/kT;

v =w*A/(delta[3]*delta[3]);
v6=pi*D0[3]*L[3])/R;
v7=pi*L[3)/R;

wt=w*ta;

ww=w*ca*ta;
kP=kF/(eta*c);
cc=ct+co*tr;

/*

The following statement specifies the name for
the generated file

*/

mus = fopen("mod23","w");

/*

The following section generates the objective function
*/

fprintf(mus,"MODEL\n");
fprintf(mus,"min=");
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for (i=1;i<=P-2;i++)
{
for (k=1;k<=Q-2;k++)
{
fprintf(mus,"(%f*v%d %d*(-1)*%d %d"(-1) + %*v%d %d" %f\n",
zl,ik,i,k,22,i,k,alpha);
fprintf(mus,"*f%d%d"~ % *d %d %d" % f*%f+ %*(%f-2*d %d %d)\n",
i’k’beta:isksgamma'rycc’ﬂ1m[i]9i’k);
}

}

for i=1;i<=P-2;i++)

{ for (k=2;k< =Q-1;k++)
t{‘printf(mus,""‘v%d%d“(~l)*f%d%d‘ -1)",i,k,i,k);

| }

for (i=1;i<=P-2;i++)
{
for (k=1;k<=Q-2;k++)
{
fprintf(mus,” + %*10*(-3)*(%f-2*d%d %d)\n" ,z4, DO[i],i,k);
}
}
for (i=1;i<=P-2;i++)
{
for (k=2;k<=Q-1;k++)
{
fprintf(mus,"*v%d %d* % *f%d %d"“ % *d%d %d" % *%f\n" i, k,alpha,
i,k,beta,i,k,gammaT,cc);
}

}

for (i=1;i< =P-2;i++)

{ for (k=1;k< =Q-2;k++)
l{’printf(mus,"+%P“(%f-Z*d%d%d',z3,D0[i],i,k);

; }

for i=1;i< =P-2;i++)
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{
for (k=2;k<=Q-1;k++)

{
fprintf(mus, "-2*d%d %d)" i, k);
}

}

for (i=1;i< =P-2;i++)

for (k=3;k< =Q;k++)
{
fprintf(mus, "*v%d %d*(-1)*f%d %d"(-1)+ % £*10"(-3)\n",i,k,i,k,z4);
}
}

for (i=1;i<=P-2;i++)

for (k=1;k<=Q-2;k++)
{
fprintf(mus, " *(%f-2*d %d %d" ,DO[i],i,k);
}
}

for i=1;i<=P-2;i++)
{ for (k=2;k< =Q-1;k++)

f{Pﬁﬂtf(mUS,"-2*d%d%d)",i,k);
} }

for (i=1;i<=P-2;i++)

{
for (k=3;k<=Q;k++)
{
fprintf(mus,"*v%d %d* %f\n",i,k,alpha); '
fprintf(mus,"*f%d %d* % f*d %d %d" % *(%f+ %f/y%d%d+ % *y%d %d))*(%f+\n",
i,k,beta,i,k,gammaT,cc,ww,i,k,z5,i,k,]ambda[i]);
}

}

for (i=1;i<=P-2;i++)

for (k=1;k<=Q-2;k++)
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{
fprintf(mus, " % £*10%(-7)* R *T/2%(1- % *(% *vRd %d"(-1)*(%d %d" (-1) + % f\n",

ih,lambda[i],lambda[i],zG,i,k,i,k,zZ);

fprintf(mus, " *v%d %d" % f*f%d %d" % *d %d %d" % * % f+ % *(%f-2*d %d%d)\n",
i,k,alpha,i,k,beta,i,k,gammaT,tr,z3,DO[i],i,k);

}

}

for (i=1;i< =P-2;i++)
{ for (k=2;k<=Q-1;k++)

t{’printf(mus,'*v%d%d‘ -1)*f%d %d*(-1)+ B*10°(-3)",i,k,i,k,z4);
} }

for (i=1;i<=P-2;i++)
{
for (k=1;k<=Q-2;k++)

{
fprintf(mus, " *(%£-2*d%d %d)\n",DO(i,i,k);

}

for (i=1;i< =P-2;i++)
{
for (k=2;k<=Q-1;k++)
{
fprintf(mus, "*v%d %d* % f*f%d %d" % f*d%d %d* %*%f\n",i,k,alpha,i,k,beta,
i,k,gammaT,tr);
}
}

for i=1i< =P-2;i++)
{ for (k=1;k< =Q-2;k++)

1{“printf(mus, "+ %f*(%f-2*d%d %d",27,D0[il,i,k);
} }

for (i=1;i< =P-2;i++)

{
for (k=2;k<=Q-1;k++)
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{
fprintf(mus, *-2*d %d %d)",i,k);
}

}

for (i=1;i<=P-2;i++)

{
for k=3;k<=Q;k++)

fprintf(mus, "*v%d%d*(-1)*f%d %d"(-1)+ %*10*(-3)\n",i,k,i,k,z4);
}
}

for (i=1;i< =P-2;i++)

{
for (k=1;k<=Q-2;k++)
{
fprintf(mus, " *(%f-2*d%d %d",DO[il, i,k);
}

}

for i=1;i<=P-2;i++)

{
for (k=2;k< =Q-1;k++)
{
fprintf(mus, "-2*d %d %d)",i,k);
}

}

for i=1;i<=P-2;i++)
{
for k=3;k<=Q;k++)
{
fprintf(mus, "*v%d %d* %f\n",i,k,alpha);
fprintf(mus, "*f%d %d" % f*d %d %d" % £*(%f+ % f/y%d %d))))+ %f/T+\n",
i,k,beta,i,k,gammaT,tr,wt,i k,cs);

}

for (i=2;i<=P-l;i++)

{
for (k=1;k<=Q-2;k++)
{

fprintf(mus, " (% f*v%d%d*(-1)*f%d %d"(-1)+ %f*v%d %d* % f\n",
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ul,i,k,i,k,u2,i,k,alpha);
fprintf(mus, " *f%d %d" % f*d %d %d* %= %f+ % *(%f-2*d %d%d)\n",
i,k,beta,i,k,gammaT,cc,u3,D0[i],i,k);
}

}

for (i=2;i< =P-1;i++)

{

for (k=2;k<=Q-1;k++)
{
fprintf(mus, " *v%d %d“(-1)*f%d %d*(-1)",i,k,i,k);
}
}

for (i=2;i<=P-1;i++)
{
for k=1;k<=Q-2;k++)
{
fprintf(mus,” + %f*10*(-3)*(%f-2*d %d %d)\n" ,u4,DO[i],i,k);
}
}
for i=2;i<=P-1;i++)
{
for (k=2;k< =Q-1;k++)
{
fprintf(mus,"*v%d%d‘%f“f%d%d‘%f“d%d%d‘%f‘%t\n',i,k,alpha,
i,k,beta,i,k,gammaT,cc);
}

}

for (i=2;i< =P-1;i++)
{ for (k=1;k<=Q-2;k++)

1{‘printf(mus,"+%t"(%f-2*d%d%d",u3,D0[i],i,k);
| }

for (i=2;i< =P-l;i++)
{
for (k=2;k< =Q-1;k++)

{
fprintf(mus,"-2*d%d %d)",i, k);
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}
}

for (i=2;i<=P-1;i++)
{ for (k=3;k<=Q;k++)

Epl’intf(muS."V%d%d“(-l)*f%d%d‘ -1)+ %f*10"(-3)\n",i,k,i,k, ud);
} }

for i=2;i<=P-1;i++)
{
for k=1;k<=Q-2;k++)

{
fprintf(mus, **(%f-2*d %d %d",DO[i]. i,k);
}

}

for (i=2;i< =P-l;i++)

{ for (k=2;k<=Q-1;k++)
t{'printf(mus,"-2*d%d%d)",i,k);

| }

for (=2;i<=P-1;i++)

{
for (k=3;k<=Q;k++)
{
fprintf(mus, "*v%d %d* %f\n",i,k,alpha);
fprintf(mus, " *f%d %d* % f*d %d %d" % (% f+ %f/y%d%d+ % f*y %d %d))*(%f+\n",
i,k,beta,i,k,gammaT,cc,ww,i,k,us,i,k,lambda[i]);
}

}

for i=2;i<=P-1;i++)
{
for (k=1k<=Q-2;k++)
{ .
fprintf(mus, " % f*10°(-7)* % *T/2*(1-% (% *v%d %d*(-1)*f%d %d"(-1)+ %f\n",
ih,lambda[i],lambdal[i},u6,i,k,i,k,u2);
fprintf(mus,"*v%d %d* % *f%d %d" % f*d%d %d* % *%f+ % *(%f-2*d%d %d)\n",
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i,k,alpha,i,k,beta,i,k,gammaT, tr,u3,D0[il,i,k);
}
}

for (i=2;i<=P-l;i++)
{
for (k=2;k<=Q-1;k++)
{
fprintf(mus, "*v%d %d*(-1)*f%d %d"(-1) + %*10"(-3)",i,k,i,k,ud);
}
}

for i=2;i<=P-l;i++)
{
for (k=1;k<=Q-2;k++)

{
fprintf(mus, "*(%f-2*d%d %d)\n",DO[il,i,k);
}

}

for (i=2;i< =P-1;i++)

{
for (k=2;k<=Q-1;k++)
{
fprintf(mus,"*v%d%d* % *f%d%d" % *d %d%d" % *%f\n",i,k,alpha,i,k,beta,
i,k,gammaT,tr);
}

}

for (i=2;i< =P-1;i++)
for k=1;k<=Q-2;k++)

fprintf(mus,” + % f*(%£-2*d %d %d" ,u7,D0[il, i,k);
}
}

for (i=2;i< =P-1;i++)

{
for (k=2;k< =Q-1;k++)
{
fprintf(mus, "-2*d %d %d)",i,k);
}

}
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for (i=2;i< =P-1;i++)
{
for (k=3;k<=Q;k++)
{
fprintf(mus, "*v%d %d*(-1)*f%d %d"(-1) + % £*10*(-3)\n",i,k,i,k,ud);
}
}

for (=2;i<=P-l;i++)

{
for (k=1;k< =Q-2;k++)

fprintf(mus, "*(%£-2*d %d %d", DO(il,i,k);
}

for (i=2;i<=P-1;i++)

{
for (k=2;k<=Q-1;k++)

fprintf(mus,"-2*d%d %d)",i,k);
}
}

for (i=2;i<=P-l;i++)
{
for (k=3;k<=Q;k++)
{
fprintf(mus,"*v%d %d* %f\n" i,k,alpha);
fprintf(mus, " *f%d %d* % f*d %d %d" %*(%f+ % f/y%d %d)))) + Hf/T+\n",i,k,beta,
i,k,gammaT,tr,wt,i,k,cs);

}

for (i=3;i<=P;i++)
{
for (k=1;k<=Q-2;k++)
{
fprintf(mus, " (% f*v%d %d*(-1)*f%d %d"(-1) + % *v%d %d* %f\n",
vl,i,k,i,k,v2,i,k,alpha);
fprintf(mus,"*f%d%d* % f*d %d %d* %f* % f+ (% f-2*d%d %d)\n",
i,k,beta,i,k,gammaT,cc,v3,DO0[i],i,k);
}

}
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for (i=3;i< =P;i++)

{
for (k=2;k<=Q-1;k++)
{

fprintf(mus, " *v % d %d*(-1)*f%d %d*(-1)",i,k,i,k);
}
}

for (i=3;i< =P;i++)
{
for (k=1;k<=Q-2;k++)

{
fprintf(mus, " + % f*10*(-3)*(%f-2*d %d %d)\n",v4,DO[i],i,k);

}
}

for (i=3;i< =P;i++)
{
for (k=2;k< =Q-1;k++)

fprintf(mus,"*v%d %d* % *f%d %d" % f*d %$d %d" % *%f\n",i,k,alpha,
i,k,beta,i,k,gammaT,cc);
}

}

for 1=3;i<=P;i++)

{
for (k=1;k<=Q-2;k++)

{
fprintf(mus," + %*(%£-2*d%d %d",v3,D0[il,i,k);

}
}

for (i=3;i< =P;i++)
for (k=2;k< =Q-1;k++)
fprintf(mus,"-2*d%d %d)" i, k);

}
}

for i=3;i<=P;i++)

for (k=3;k<=Q;k++)
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{
fprintf(mus, " *v%d %d*(-1)*f%d %d*(-1) + % £*10*(-3)\n",i,k,i,k,v4);

}
}

for (i=3;i< =P;i++)
{
for (k=1;k<=Q-2;k++)

{
fprintf(mus, " *(%f-2*d %d %d", DO[i], i,k);
}

}

for (i=3;i< =P;i++)
{
for (k=2;k<=Q-1;k++)

fprintf(mus, *-2*d %d %d)",i,k);
}
}

for (i=3;i<=P;i++)

{
for (k=3;k<=Q;k++)
{

fprintf(mus,**v%d %d* %f\n",i,k,alpha);
fprintf(mus, " *f%d%d* % f*d%d%d" B (% f+ % f/y%d%d+ Bf*y%d %d))*(%f+\n",
i,k,beta,i,k,gammaT,cc,ww,i,k,v5,i,k,lambda[i]);

}

for (i=3;i< =P;i++)

{
for (k=1;k<=Q-2;k++)
{

fprintf(mus, " %*10*(-7)* % *T/2*(1- % *(% *v%d%d*(-1)*€%d %d"(-1) + %f\n",
ih,lambda(i],lambda(i], v6,i,k,i,k,v2);

fprintf(mus, "*v%d%d* % *f%d%d* % *d%d %d" H*%f+ % *(%f-2*d%d %d)\n",
i,k,alpha,i,k,beta,i,k,gammaT,tr,v3,D0[i],i,k);
}

}

for i=3;i<=P;i++)

{
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for (k=2;k<=Q-1;k++)
{
fprintf(mus, " *v%d %d"(-1)*f%d %d"(-1)+ % *10*(-3)",i,k,i,k,v4);
}
}

for (i=3;i<=P;i++)
{
for (k=1;k<=Q-2;k++)

{
fprintf(mus, " *(%f-2*d %d %d)\n", DO[i}, i, k);
}

}

for (i=3;i<=P;i++)

{
for (k=2;k<=Q-1;k++)

fprintf(mus, "*v%d %d* % *f%d%d* % *d%d %d" % *%f\n",i,k,alpha,i,k,beta,
i,k,gammaT,tr);

}

for (i=3;i<=P;i++)
{ for (k=1;k< =Q-2;k++)

t{printf(mus," + % (% f-2*d%d%d",v7,DO[i],i,k);
} }

for (i=3;i<=P;i++)

{ for (k=2;k<=Q-1;k++)
t{‘printf(mus,"-2*d%d%d)",i,k);

s }

for (i=3;i<=Pji++)
for (k=3;k<=Q;k++)

{
fprintf(mus, "*v%d%d"(-1)*f%d %d"(-1)+ %F*10"(-3)\n" i, k,i,k,v4);
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}
}

for (i=3;i<=P;i++)
{
for (k=1;k<=Q-2;k++)

{
fprintf(mus, " *(%£-2*d%d%d",DO[il,i,k);

}

for (i=3;i< =P;i++)
{
for (k=2;k<=Q-1;k++)
{
fprintf(mus,"-2*d%d %d)",i,k);
}
}

for (i=3;i<=P;i++)
{
for k=3;k<=Q;k++)
{
fprintf(mus, "*v%d %d* % f\n",i,k,alpha);
fprintf(mus,"*f%d%d* % f*d%d %d" % f*(%f+ %f/y %d %d)))) + %{/T;\n",i,k,beta,
i,k,gammaT,tr,wt,i,k,cs);
}
}

/*

This section generates cutting speed, feed rate, cutting
force and cutting power constraints

*/

for (i=1;i<=P;i++)

{
for (k=1;k<=Q;k++)

fprintf(mus,"v%d %d > = %f;\n",i,k,v_I[k]);

fprintf(mus, "v%d %d < = %f;\n",i,k,v_u[k]);

fprintf(mus,"f%d%d > = %f;\n",i,k,f_1{k]);

fprintf(mus, "f%d%d < = %f;\n",i,k,f_u[k]);

fprintf(mus, " % f*f%d%d* % *d%d%d" %f < = %f;\n" kF,i,k,betaF,
i,k,gammaF,Fc_u);
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fprintf(mus, " %£*10*2*v%d %d*f%d %d* % *d Hd%d" %f < = % £*10*2;\n" ,kP,i,k,
i,k,betaF,i,k,gammaF,Pc_u);
}

}

/*
This section generates depth of cut constraints
*/

for i=1;i<=P;i++)
{
for k=1;k<=Q;k++)

fprintf(mus,"d%d %d > = %f;\n",i,k,d_I[i](k]);
fprintf(mus,"d%d%d < = %f;\n",i,k,d_u[i](k]);
}

}

/*
This section generates the sum of depth of cut constraints
*/

for (i=1;i<=P-2;i++)

{
for k=1;k<=Q-1;k++)

fprintf(mus,"d%d %d +",i,k);
}
}

for (i=1;i<=P-2;i++)
{ for (k=3;k<=Q;k++)

t{'Printf(mus, "d%d%d=%f;\n",i,k,dtotal(i]);
} }

for (i=2;i< =P-1;i++)
{
for (k=1;k<=Q-1;k++)
{
fprintf(mus,"d%d %d+",i,k);
}
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}

for (1=2;i< =P-l;i++)
{ for (k=3;k< =Q;k++)

f{’printf(mus, "d%d%d=%f;\n",i,k,dtotal[i]);
: }

for (i=3;i<=Pji++)

{
for (k=1;k<=Q-1;k++)
{

fprintf(mus, "d%d%d+",i,k);
}
}

for (i=3;i< =P;i++)

{
for (k=3;k<=Q;k++)

fprintf(mus, "d%d %d = % f;\n",i,k,dtotal[i]);
}
}

/*
This section generates dimension deviation constraints
*/

for i=1;i<=P;i++)
{
for (k=3;k<=Q;k++)
{
fprintf(mus,"y%d %d > =0;\n",i,k);
fprintf(mus,"y%d %d < = %f;\n",i,k,delta[i]);

/*
This section generates surface finish constraints
*/
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for (i=1;i< =P;i++)

{ for (k=3;k<=Q;k++)
tgprintf(mus," %f*vRd%d” % f*f%d%d* B*d%d%d" %f< =%f;\n" kS,i,k,
alpha$,i,k,betaS,i,k,gammaS,SF_u[i]);

! }

/*

This section generates the constraints such that the
production rates are greater than the demand rates
*/

for (i=1;i< =P-2;i++)
{
for (k=1;k<=Q-2;k++)
{
fprintf(mus, " 1/(%f*v%d %d*(-1)*f%d %d"(-1)+ % f*v%d %d* %f\n",26,
i,k,i,k,z2,i,k,alpha);
fprintf(mus, " *f%d%d* % f*d %d %d* % f* %+ % *(%f-2*d%d %d)\n" i k,
beta,i,k,gammaT,tr,z3,D0[i],i,k);
}
}

for (i=1;i< =P-2;i++)

for (k=2;k<=Q-l;k++)
{
fprintf(mus, "*v%d %d*(-1)*f%d %d*(-1) + %*10~(-3)",i,k,i,k,z4);
}
}

for (i=1;i< =P-2;i++)
{
for k=1;k<=Q-2;k++)
{
fprintf(mus, " *(%f-2 %d %d)\n",DO[i},i,k);
}
}

for (i=1;i<=P-2;i++)

{
for (k=2;k< =Q-1;k++)
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{
fprintf(mus, "*v&d%d* % f*f%d %d" %*d%d %d* %f*%f\n" i,k alpha,

i,k,beta,i,k,gammaT,tr);

}

for (i=1;i< =P-2;i++)
{
for (k=1;k<=Q-2;k++)
{
fprintf(mus, " + %f*(%f-2*d %d %d",z7,DO[i},i,k);
}
}

for (i=1;i< =P-2;i++)

{ for (k=2;k<=Q-1;k++)
éprintf(mus,"-2*d%cl%d)",i,k);

| }

for (i=1;i<=P-2;i++)

{
for (k=3;k<=Q;k++)

fprintf(mus,"*v%d %d*(-1)*f%d %d*(-1)*%£*10*(-3)\n",i,k,i,k,z4);
}
}

for i=1;i<=P-2;i++)

{
for (k=1;k<=Q-2;k++)
{
fprintf(mus, " *(%f-2*d%d %d" ,DO[i],i,k);
}

}

for i=1;i<=P-2;i++)
for (k=2;k<=Q-1;k++)

{
fprintf(mus,"-2*d%d %d)",i,k);

}
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}

for i=1;i<=P-2;i++)

{
for (k=3;k< =Q;k++)

fprintf(mus, "*v%d %d“ %f\n",i,k,alpha);
fprintf(mus, " *f%d %d* % *d%d %d" % £ *(%f+ %f/y%d %d)) > = %f:\n",i,k,
beta,i,k,gammaT,tr,wt,i,k,rate[i],i);

}

for i=2;i< =P-1;i++)
{
for (k=1;k<=Q-2;k++)
{
fprintf(mus," 1/(%f*v%d %d"(-1)*f%d %d"(-1) + % f*v%d %d* % f\n",u6,
i,k,i,k,u2,i,k,alpha);
fprintf(mus,"*f%d %d* %*d%d %d" % f*%f+ % *(%f-2*d%d%d)\n", ik,
beta,i,k,gammaT,tr,u3,D0[i],i,k);
}

}

for (i=2;i< =P-l;i++)
{
for (k=2;k< =Q-1;k++)
{
fprintf(mus, "*v%d %d*(-1)*f%d %d"(-1) + % £*10*(-3)",i,k,i,k,ud);
}
}

for i=2;i<=P-1;i++)
{
for (k=1;k<=Q-2;k++)
{
fprintf(mus, **(%f-2%d %d)\n",DO[i], i, k);
}
}

for i=2;i<=P-l;i++)
{
for (k=2;k< =Q-1;k++)

{
fprintf(mus,"*v%d %d" %*f%d %d* %f*d%d %d" %*%f\n",i,k,alpha,
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i,k,beta,i,k,gammaT,tr);
}
}

for (i=2;i<=P-1;i++)

{
for (k=1;k<=Q-2;k++)

fprintf(mus, " + % *(%f-2*d %d %d" ,u7,D0{i],i,k);
}
}

for (i=2;i<=P-l;i++)

{
for (k=2;k<=Q-1;k++)

fprintf(mus, "-2*d%d %d)",i,k);
}
}

for (i=2;i< =P-1;i++)
{ for (k=3;k< =Q;k++)

t{'printf(mus," *v%d%d*(-1)*f%d %d*(-1)*%*10*(-3)\n",i,k,i,k,ud);
} }

for (i=2;i< =P-1;i++)

{ for k=1;k<=Q-2;k++)
t{printf(mus,"*(% f-2*d%d %d" ,DO[i],i,k);

} }

for (i=2;i<=P-1;i++)

{
for (k=2;k<=Q-1;k++)

{
fprintf(mus, "-2*d %d %d)",i,k);

}
}
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for (i=2;i< =P-1;i++)
{
for (k=3;k< =Q;k++)
{
fprintf(mus, " *v%d%d* %f\n" ,i,k,alpha);
fprintf(mus, " *f%d %d* % f*d %d %d* %*(%f+ %fly%d%d)) > =%f;\n",i,k,
beta,i,k,gammaT, tr,wt,i,k,rate[i],i);

}

for (i=3;i< =P;i++)
{
for (k=1;k<=Q-2;k++)
{
fprintf(mus, " 1/(% f*v%d %d"(-1)*(%d %d"(-1) + % f*v%d %d* %f\n",v6,
i,k,i,k,v2,i,k,alpha);
fprintf(mus, "*f%d %d* % f*d %d %d* % * % f+ % £*(%f-2*d%d %d)\n",i,k,
beta,i,k,gammaT,tr,v3,D0[i],i,k);
}

}

for (i=3;i< =P;i++)

{ for (k=2;k<=Q-1;k++)
t{‘printf(mus,"*v%d%d‘(-l)*f%d%d‘(-l)+%P“lO“(—3)",i,k,i,k,v4);

| }

for (i=3;i<=P;i++)
{
for (k=1;k<=Q-2;k++)

{
fprintf(mus, " *(%f-2%d %d)\n",DO[i],i,k);

}

for (i=3;i<=P;i++)
{
for (k=2;k< =Q-1;k++)

{
fprintf(mus, "*v%d %d* % f*f%d%d" % *d%d %d" % *%A\n" i,k,alpha,

i,k,beta,i,k,gammaT,tr);
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}

for (i=3;i< =P;i++)
{
for (k=1;k<=Q-2;k++)

fprintf(mus, " + % f*(%f-2*d %d%d" ,v7,DO[il,i,k);
}
}

for (i=3;i< =P;i++)

{
for (k=2;k<=Q-1;k++)
{
fprintf(mus, *-2*d %d%d)",i,k);
}

}

for (i=3;i< =P;i+ +)
{
for (k=3;k<=Q;k++)
{
fprintf(mus, "*v%d %d*(-1)*f%d %d"(-1)*% £*10*(-3)\n",i,k,i,k, v4);
}
}

for (i=3;i< =P;i++)
{
for (k=1;k<=Q-2;k++)

{
fprintf(mus, " *(%f-2*d %d %d" ,DO[i],i,k);

}

for (i=3;i< =P;i++)
{
for (k=2;k<=Q-1;k++)
{
fprintf(mus, "-2*d%d %d)",i,k);
}
}

for (i=3;i<=P;i++)

{
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for (k=3;k<=Q;k++)

{

fprintf(mus, "*v%d %d”* %f\n" ,i,k,alpha);

fprintf(mus, **f%d %d* % *d %d %d* % *(%f+ %f/ly%d%d)) > =%f;\n",i,k,
beta,i,k,gammaT,tr,wt,i,k, rate[i],i);

}

fprintf(mus, "END\n");
fprintf(mus,"BAT\n");
return 0;

}
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Appendix F
LINGO-format-input for the example problem of Model 2.3

MODEL

min=(339.291718*v11*(-1)*f11“(-1) +0.000072*v11~0.700000

*£110.550000%d 11*1.220000*7.000000+-2.827431*%(120.000000-2*d11)
*v12°(-1)*f12*(-1)+0.000600*10"(-3)*(120.000000-2*d11)
*v12°0.700000%f12*0.550000*d 12*1.220000*7.000000
+2.827431%(120.000000-2*d11-2*d12)*v13*(~1)*£13*(-1)+0.000600*10"(-3)
*(120.000000-2*d11-2*d12)*v13*0.700000
*£1370.550000*d13*1.220000*(7.000000+0.060000/y13+23.026567*y13))*(0. 180000+
3.858000*10"(-7)*0. 180000*T/2*(1-0.180000*(113.097237*v11(-1)*f11~(-1) +0.000072
*v1170.700000*f11*0.550000*d11“1.220000*0.500000+2.827431*(120.000000-2*d11)
*v12°(-1)*£12*(-1)+0.000600*10*(-3)*(120.000000-2*d11)
*v12°0.700000*£12°0.550000*d 12" 1.220000*0.500000
+0.942477%(120.000000-2%d11-2*d12)*v13“(-1)*f13*(-1)+0.000600*10~(-3)
*(120.000000-2*d11-2*d12)*v13“0.700000

*£1370.550000*d 13*1.220000*(0.500000+0.020000/y13)))) +40.000000/T +
(70.685776*v21*(-1)*f21*(-1)+0.000015*v21*0.700000
*{21°0.550000*d21*1.220000*7.000000+ 1.413715%(50.000000-2*d21)
*v22°(-1)*£22*(-1)+0.000300*10"(-3)*(50.000000-2*d21)
*v22°0.700000*f22*0.550000*d22*1.220000*7.000000
+1.413715%(50.000000-2*d21-2*d22)*v23*(-1)*f23*(-1) +0.000300*10"(-3)
*(50.000000-2*d21-2*d22)*v23*0.700000
*£2370.550000*d23*1.220000%(7.000000+0.060000/y23 +23.026567*y23))*(0. 120000+
3.858000*10"(-7)*0. 120000*T/2%(1-0.120000*(23.561926*v21*(-1)*f21*(-1) +0.000015
*v2170.700000*£21*0.550000*d211.220000*0.500000+ 1.413715*(50.000000-2*d21)
*v22*(-1)*£22*(-1)+0.000300*10*(-3)*(50.000000-2*d21)
*v22°0.700000*£22*0.550000*d22*1.220000*0.500000
+0.471238*(50.000000-2*d21-2*d22)*v23*(-1)*{23*(-1) +0.000300*10"(-3)
*(50.000000-2*d21-2*d22)*v23*0.700000
*£23°0.550000*d23*1.220000*(0.500000+0.020000/y23)))) +40.000000/T +
(169.645859*v31*(-1)*f31*(-1)+0.000036*v31“0. 700000
*£31°0.550000*d31*1.220000*7.000000+ 1.884954*(90.000000-2*d3 1)
*v327(-1)*£32*(-1) +0.000400*10"(-3)*(90.000000-2*d31)
*v32°0.700000*f320.550000*d32*1.220000*7.000000
+1.884954*(90.000000-2*d31-2*d32)*v33“(-1)*f33~(-1) +0.000400*10"(-3)
*(90.000000-2*d31-2*d32)*v33°0.700000
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*£33"0.550000*d33*1.220000*(7.000000+0.060000/y33 +23.026567*y33)) *(0. 150000 +
3.858000*10"(-7)*0.150000*T/2*(1-0.150000%(56.548618*v31“(-1)*f31(-1) +0.000036
*v31°0.700000*31°0.550000*d311.220000%0.500000+ 1. 884954*(90.000000-2*d31)
*v32°(-1)*£32*(-1)+0.000400*10"(-3)*(90.000000-2*d31)
*v32°0.700000*£320.550000*d32*1.220000*0.500000
+0.628318*(90.000000-2*d31-2*d32)*v33“(-1)*{33*(-1) +0.000400*10*(-3)
*(90.000000-2*d31-2*d32)*v33"0.700000
*£33%0.550000*d33*1.220000*(0.500000+0.020000/y33)))) +40.000000/T;
vi1> =90.000000;

vl < =120.000000;

f11> =0.800000;

f11 < =2.000000;

1.380000*f11*1.180000*d11*1.260000 < =20.000000;
0.000282*10"2*v11*£11*1.180000*d111.260000 < =2.000000*10"2;

v12 > =90.000000;

v12 < =120.000000;

f12 > =0.800000;

f12 < =2.000000;

1.380000*f12*1.180000*d 12*1.260000 < =20.000000;
0.000282*10*2*v12*£12*1.180000*d12"1.260000 < =2.000000*10"2;
v13> =168.000000;

v13 < =210.000000;

f13 > =0.130000;

f13 < =0.500000;

1.380000*£13"1.180000*d13*1.260000 < =20.000000;
0.000282*10*2*v13*f13*1.180000*d13"1.260000 < =2.000000*10"2;

v21 > =90.000000;

v21 < =120.000000;

f21 > =0.800000;

f21 < =2.000000;

1.380000*f21*1.180000*d211.260000 < =20.000000;
0.000282*10"2*v21*£21*1.180000*d21*1.260000 < =2.000000*10"2;

v22 > =90.000000;

v22 < =120.000000;

£22 > =0.800000;

22 < =2.000000;

1.380000*%f22*1.180000*d22*1.260000 < =20.000000;
0.000282*10*2*v22*f22*1.180000*d22*1.260000 < =2.000000*10*2;

v23 > =168.000000;

v23 < =210.000000;

23 > =0.130000;

23 < =0.500000;

1.380000%f23*1.180000*d23*1.260000 < =20.000000;
0.000282*10*2*v23*f23*1.180000*d23"1.260000 < =2.000000*10*2;
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v31> =90.000000;

v31 < =120.000000;

£31 > =0.800000;

31 < =2.000000;
1.380000*£31*1.180000*d31°1.260000 < =20.000000;
0.000282*10*2*v31*f31*1.180000*d311.260000 < =2.000000*10"2;
v32 > =90.000000;

v32 < =120.000000;

£32 > =0.800000;

£32 < =2.000000;
1.380000*£32*1.180000*d32*1.260000 < =20.000000;
0.000282*10"2*v32*£32*1.180000*d32*1.260000 < =2.000000*10"2;
v33 > =168.000000;

v33 < =210.000000;

£33 > =0.130000;

£33 < =0.500000;
1.380000*£33*1.180000*d33~1.260000 < =20.000000;
0.000282*10*2*v33*f331.180000*d33*1.260000 < =2.000000*10"2;
d11> =1.000000;

d11 < =5.000000;

d12> =1.000000;

d12 < =5.000000;

d13> =0.400000;

d13 < =0.900000;

d21 > =1.000000;

d21 < =5.000000;

d22 > =1.000000;

d22 < =5.000000;

d23 > =0.300000;

d23 < =0.800000;

d31 > =1.000000;

d31 < =5.000000;

d32 > =1.000000;

d32 < =5.000000;

d33 > =0.350000;

d33 < =0.850000;

d11+d12+d13=5.000000;
d21+d22+d23=8.000000;
d31+d32+d33=10.000000;

y13> =0;

y13 < =0.065900;

y23> =0;

y23 < =0.065900;

y33> =0;
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y33 < =0.065900;
1.170000*v13*-0.250000*130.720000*d130.230000 < = 1.600000;
1.170000*v23*-0.250000*£230. 720000*d230.230000 < =0.500000;
1.170000*v33*-0.250000*£33*0.720000*d330.230000 < =0.800000;
1/(113.097237%v1 1~ (-1)*£11(-1) +0.000072%v110. 700000
*£11°0.550000*d11~1.220000%0.500000+2.827431%(120.000000-2*d11)
*v12*(-1)*f12*(-1)+0.000600*10"(-3)*(120.000000-211)
*v12°0.700000*F120.550000*d12*1.220000*0. 500000
+0.942477%(120.000000-2*d1 1-2*d12)*v13(-1) *£13*(-1)*0.000600*10~(-3)
*(120.000000-2*d11-2*d12)*v13*0. 700000
*13*0.550000*d13*1.220000*(0.500000+0.020000/y13)) > =0.500000;
1/(23.561926*v21~(-1)*£21*(-1) +0.000015*v210. 700000
*21°0.550000%d21~1.220000%0.500000+ 1.413715*(50.000000-2*d21)
*v22*(-1)*22*(-1)+0.000300*10~(-3)*(50.000000-221)
*v22~0.700000*£220.550000*d22*1.220000*0.500000
+0.471238%(50.000000-2*d21-2*d22)*v23*(-1) *£23*(-1)*0.000300* 10~ (-3)
*(50.000000-2*d21-2*d22)*v23*0.700000
*{23*0.550000*d23*1.220000*(0.500000+0.020000/y23)) > =0.400000;
1/(56.548618*v31(-1)*£31*(-1) +0.000036*v310. 700000
*£310.550000*d311.220000*0.500000-+ 1.884954*(90.000000-2*d31)
*y32*(-1)*£32*(-1) +0.000400*10*(-3)*(90.000000-231)
*y320.700000*£320.550000*d32*1.220000*0. 500000
+0.628318%(90.000000-2*d31-2%d32)*v33*(-1)*£33*(-1)*0.000400*10~(-3)
*(90.000000-2*d3 1-2%d32)*v33°0.700000
*f33*0.550000*d33*1.220000*(0.500000+0.020000/y33)) > =0.450000;
END

BAT
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Appendix G

C code to generate LINGO-format-input for Model 2.4

/*
This program is used to generate the LINGO-format-input model
*/

# include <stdio.h>
# include <conio.h>
# include <stdlib.h>
# include <math.h>

# define pi 3.14159
# define ¢ 6120

/*

P = number of machines

Jk = number of passes of feature k
Q = number of features

*/

int i’j’k,P’Jk’Q’R;

float alpha,beta,zl,22,23,24,25,26,27,28,29,210,z11,z12,
2z1,222,223,224,225,226,227 228,229, ww,wt,cc, kP;

float co=3.0,
kT =1570000.00,
alphaT=1.70,
betaT=1.55,
gammaT=1.22,
ct=5.5,
tr=0.5,
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betaF=1.18,
gammaF=1.26,
kF=1.38,
Fc_u=20.0,
eta=(.8,
Pc_u=2.0,
kS=1.17,
alphaS=-0.25,
betaS=0.72,
gammaS =0.23;

static float DO[4] = {0.0,150.0,140.0,140.0};
static float L[4] = {0.0,300.0,100.0,150.0};
static float dtotal[4] = {0.0,5.0,8.0,10.0};
static float SF_u[4] = {0.0,1.6,1.6,1.6};
static float delta[4] = {0.0,0.0659,0.0659,0.0659};
static float v_I[4] = {0.0,90.0,90.0,168.0};
static float v_u[4] = {0.0,120.0,120.0,210.0};
static float f_1{4] = {0.0,0.8,0.8,0.13};

static float f_u[4] = {0.0,2.0,2.0,0.50};

static float d_I{4] = {0.0,0.0,0.0,0.3};

static float d_u[4] = {0.0,5.0,5.0,1.0};

FILE *mus;
main()
{

clrscr();

P=3;Jk=3;Q=3;

R=1000;

alpha=alphaT-1;
beta=betaT-1;

z1 =pi*DO[1]*L[1)/R;

22 =pi*DO[1]*L[1)/(R*kT);
z3=pi*L[1)/R;
z4=pi*L[1)J/KT;

25 =pi*DO[2]*L[2})/R;

z6 =pi*DO[2]*L[2)/(R*kT);
z7=pi*L[2]/R;

z8 =pi*L[2)/kT;
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29=pi*DO[3]*L[3])/R;
z10=pi*DO[3]*L[3)/(R*KkT);
zl1=pi*L[3])/R;
z12=pi*L[3)/kT;

zz1 =pi*DO[1])*L[1]*co/R;
222 =pi*L[1]*co/R;

223 =pi*D0[2]*L[2]*co/R;
zz4=pi*L[2]*co/R;

zz5 =pi*D0[3]*L[3]*co/R;
zz6=pi*L[3]*co/R;
zz7=w*A/(delta[1]*delta[1]);
z2z8=w*A/(delta[2]*delta[2]);
2z9=w*A/(delta[3]*delta[3]);
ww=w¥*ca*ta;

wt=w¥*ta;

kP =kF/(eta*c);
cc=ct+co*tr;

/ *

The following statement specifies the name for
the generated file

*/

mus = fopen("mod24","w");

/*
The following section generates the objective function
*/ )

fprintf(mus, "MODEL\n");
fprintf(mus, "min=");

for i=1;i< =P-1;i++)

{
for (=1;j <=Jk-2;j++)
{

for (k=1;k<=Q-2;k++)
{

fprintf(mus, " (%f*v%d %d %d*(-1)*f%d%d %d"(-1)+ %f*v%d %d %d* %f\n",
zzl,i,j,k,i,j,k,22,i,j,k,alpha);

fprintf(mus,"*f%d %d %d* % f*d %d %d %d* %* %) *x Hd%d%d+",
i,),k,beta,i,j,k,gammaT,cc,i,j,k);

fprintf(mus, "(%f*(%f-2*d%d %d %d)\n",z22,DO[k],i,j,k);

}
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}
for (=2;j <=Jk-1;j++)
for k=1;k<=Q-2;k++)

fprintf(mus, " *v%d%d %d"(-1)*f%d %d %d"(-1)",i,j,k,i,j,k);
}
}

for =1;j < =Tk-2;j+ +)
for (k=1;k< =Q-2;k++)
{

fprintf(mus, " + %*10*(-3)*(%f-2*d %d %d %d)\n",z4,DO[k],i,j,k);

}
}

for (=2;j < =Jk-1;j++)

for (k=1;k< =Q-2;k++)

{
fprintf(mus,"*v%d%d %d" % f*f%d %d %d" % f*d %d %d %d* % f* % f)*x %d %d %d\n",

i,j,k,alpha,i,j,k,beta,i,j,k,gammaT,cc,i,j,k);
}
}
for (=1;j < =Jk-2;j++)

for (k=1;k< =Q-2;k++)

{
fprintf(mus, " +(% f*(%f-2*d%d % d %d",222,DO[K],i,j,k);

}
}

for (=2;j< =Jk-1;j++)
for k=1;k< =Q-2;k++)

{
fprintf(mus, "-2*d%d %d %d)"i,j,k);

}
}

for (j=3;j< =Jk;j++)
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{
for (k=1;k< =Q-2;k++)

{
fprintf(mus, " *v%d %d %d"(-1)*f%d %d %d"(-1) + %£*10*(-3)\n",

i,j,k,1,j,k,2z4);
}
}
for =1;j < =Jk-2;j++)
{
for k=1;k< =Q-2;k++)
fprintf(mus, "*(%f-2*d %d %d %d",DO[k],i,j,k);
}

}
for =2;j< =Jk-1;j++)

for (k=1;k<=Q-2;k++) {
fprintf(mus, "-2*d%d %d %d)",i,j,k);
}

}

for =3;j<=Jk;j++)

for (k=1;k<=Q-2;k++)

{

fprintf(mus, " *v%d %d%d” %f\n",i,j,k,alpha);

fprintf(mus,"*f%d %d %d* %f*d%d %d %d" % *(%f+ %f/y%d %d %d",
i,j,k,beta,i,j,k,gammaT,cc,ww,i,j,k);

fprintf(mus, " + % f*y%d %d %d))*x%d %d %d\n",
221,i,j,k,i,j,Kk);

}

}
for =1;j<=Jk-2;j++)

{

for (k=2;k<=Q-1;k++)

{

fprintf(mus,” +(%*v%d%d%d"(-1)*f%d %d %d“(-1)+ % *v%d %d %d* %f\n",
223,i,j,k,i,j,k,26,i,j,k,alpha);

fprintf(mus,"*f%d %d %d* % *d%d%d %d* % *%f)*x %d%d %d +",
i,j,k,beta,i,j, k,gammaT,cc,i,j,k);

fprintf(mus, " (% f*(% f-2*d%d %d %d)\n",2z4, DOk}, i,j,k);
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}
}

for (j=2;j < =Jk-1;j++)

for (k=2;k< =Q-1;k++)

{
fprintf(mus, "*v%d%d%d*(-1)*f%d %d %d"(-1)",i,j,k,i,j,k);

}
}

for (j=1;j <=Jk-2;j++)

for (k=2;k< =Q-1;k++)

{
fprintf(mus, " + % £*10*(-3)*(%f-2*d %d %d %d)\n",z8,DO[k],i,j,k);

}
}

for (=2;j < =Jk-1;j++)

for (k=2;k< =Q-1;k++)

{
fprintf(mus,"*v%d%d%d* % f*f%d %d %d" %f*d%d %d %d" % *%f)*x %d%d %d\n",

i,j,k,alpha,i,j,k,beta,i,j,k,gammaT,cc,i,j,k);
}
}
for (=1;j < =Jk-2;j++)

for (k=2;k<=Q-1;k++)

{
fprintf(mus, " +(% f*(%f-2*d %d %d %d",zz4,DO[k], 1,j,k);

}
}

for =2;j < =Jk-1;j++)

for k=2;k<=Q-1;k++)

{
fprintf(mus, "-2*d %d %d%d)",,j,k);

}
}

139



for j=3;j<=Jk;j++)
{
for (k=2;k< =Q-1;k++)

fprintf(mus, " *v%d %d %d*(-1)*f%d %$d %d*(-1) + % *10~(-3)\n",
Lj,k,i,j,k,z8);

}

}

for j=1;j<=Jk-2;j++)
for (k=2;k<=Q-1;k++)

fprintf(mus, " *(%£-2*d%d %d %d", DO[K],i,j,k);
}
}

for (j=2;j < =Tk-L;j++)
{
for (k=2;k< =Q-1;k++)

fprintf(mus,"-2*d %d %d %d)" ,i,j,k);
}
}

for §=3;j<=Jk;j++)

for (k=2;k< =Q-1;k++)

{

fprintf(mus,"*v%d %d %d* %f\n",i,j,k,alpha);

fprintf(mus, "*f%d %d %d* % f*d ®*d %d%d" % *(%f+ % f/y%d%d %d",
i,j,k,beta,i,j,k,gammaT,cc,ww,i,j,k);

fprintf(mus,” + %f*y %d %d %d))*x%d %d %d\n",
ussi’j,k’i’j’k);

}

}

for =1;j <=Jk-2;j++)

for (k=3;k< =Q;k++)

t{printf(mus," +(%*vRd%d%d*(-1)*f%d%d%d"(-1) + % *v%d%d%d % f\n",

225,1,j,k,i,j,k,z10,i,j, k,alpha);
fprintf(mus,"*f%d%d %d* % f*d %d %d %d" %* % )*x Hd %d%d+",
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i,j,k,beta,i,j,k,gammaT,cc,i,j,k);
fprintf(mus, *(% f*(%f-2*d %d %d%d)\n" 226, DO[K] i,j,k);

}
for (j=2;j < =Jk-1;j++)

for (k=3;k<=Q;k++)

{
fprintf(mus, "*v%d %d%d"(-1)*f%d %d %d"(-1)",i,j,k,i,j,k);

}
}

for =1;j < =Jk-2;j++)
for (k=3;k<=Q;k++)

{
fprintf(mus, " + % *10*(-3)*(%f-2*d %d %d %d)\n",z12,DO[k],i,j,k);

}
}

for =2;j < =Jk-1;j++)
for (k=3;k<=Q;k++)

{
fprintf(mus, "*v%d %d %d* %f*f%d %d %d" % *d%d %d %d* % *%f)*x %d %d %d\n",

i,j,k,alpha,i,j,k,beta,i,j,k,gammaT,cc,i,j,k);

}}

for =1;j < =]k-2;j++)

for (k=3;k<=Q;k++)

t{'printf(mus, "+ (%*(%f-2*d %d%d %d",226,D0[k],i,j,k);
}}

for =2;j < =Jk-1;j++)

{for k=3;k<=Q;k++)

{
fprintf(mus,"-2*d%d %d%d)" ij,k);
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}

for =3;j< =Ik;j++)
for (k=3;k<=Q;k++)
fprintf(mus, "*v%d%d %d"(-1)*f%d %d%d"(-1) + %*10~(-3)\n",

i,j,k,1,j,k,z12);

}

}

for =1;j < =Jk-2;j++)

for (k=3;k<=Q;k++)

{
fprintf(mus, " *(%f-2*d%d %d %d",DO[K],i,j,k);
}

}
for (j=2;j< =Jk-1;j++)
{

for k=3;k<=Q;k++)
{
fprintf(mus,"-2*d%d %d %d)",i,j,k);
}

}

for =3;j< =Jk;j++)

for (k=3;k<=Q;k++)

fprintf(mus, "*v%d %d %d"* %f\n",i,j,k,alpha);

fprintf(mus, "*f%d %d %d* % f*d%d %d %d" % (% f+ %y %d %d %d",

i,j,k,beta,i,j,k,gammaT,cc,ww,i,j,k);
fprintf(mus, " + %f*y %d%d %d))*x %d %d%d+\n",

229,1,j,k,i,j,K);
}
}
}
for i=3;i<=P;i++)
{

for (j=1;j < =Tk-2;j++)
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for (k=1;k<=Q-2;k++)

{
fprintf(mus, " (%f*v%d%d %d"(-1)*f%d%d%d*(-1)+ % f*v%d%d%d" %f\n",

2z1,i,j,k,i,j,k,22,i,j,k,alpha);
fprintf(mus, "*f%d % d % d* % f*d %d Kd%d" % =% 1) *x HdHd%d+",
i,j,k,beta,i,j,k,gammaT,cc,i,j,k);
fprintf(mus, "(%f*(%f-2*d%d %d %d)\n",z22,DO[K}, i,j,k);
}

}
for =2;j < =Ik-1;j++)
for (k=1;k<=Q-2;k++)

fprintf(mus, "*v%d %d %d*(-1)*f%d %d %d*(-1)",i,j,k.1,j,k);
}
}

for =1;j < =Jk-2;j++)
for (k=1;k<=Q-2;k++)

{
fprintf(mus,” + %*10*(-3)*(%f-2*d%d %d %d)\n" ,z4,DO[K],i,j,k);

}
}

for =2;j < =Jk-1;j++)
for (k=1;k<=Q-2;k++)

{
fprintf(mus, "*v%d %d %d* % *f%d %d %d* % £*d %d %d %d* % £* %) *x %d %d %d\n",

i,j,k,alpha,i,j,k,beta,i,j,k,gammaT,cc,i,j,k);
}}
for =1;j < =Jk-2;j++)
{for k=1k<=Q-2;k++)
;{’printf(mus," +(%*(%f-2*d%d %d %d",zz2,D0[K],i,j,k);

}
for (=2;j < =Jk-1;j++)
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{
for (k=1k<=Q-2;k++)

{
fprintf(mus, "-2*d%d %d %d)", i,j,k);

}
}

for (=3;j < =Jk;j++)

for (k=1k<=Q-2;k++)

{
fprintf(mus, " *v%d %d %d*(-1)*f%d %d %d*(-1) + % £*10*(-3)\n",

i,j,k,1,j,k,z4);
}
}
for =1;j < =Jk-2;j++)

for (k=1;k< =Q-2;k++)

{
fprintf(mus, "*(%f-2*d %d %d %d",DO[k],i,j,k);
}

}

for (=2;j < =Jk-1;j++)
{
for (k=1;k<=Q-2;k++) {
fprintf(mus,"-2*d%d %d %d)",i,j,k);
}

}

for §=3;j<=Jk;j++)

for (k=1;k<=Q-2;k++)

{

fprintf(mus, "*v%d%d%d" %f\n",i,j,k,alpha);

fprintf(mus, "*f%d%d%d* % *d%d %d %d" % *(%f+ % f/yHd%d%d",
i,j,k,beta,i,j,k,gammaT,cc,ww,i,j,k);

fprintf(mus, " + %f*y%d %d %d))*x%d %d %d\n",
227,1,j,k,1,j,k);

}

}

for =1;j < =Jk-2;j++)
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{
for (k=2;k< =Q-1;k++)
{

fprintf(mus,” +(%f*vHd %d %d*(-1)*f%d %d%d*(-1)+ % *v%d %d %d" % f\n",
223,i,j,k,i,j,k,26,i,j,k,alpha);

fprintf(mus, "*f%d%d %d* % *d%d %d %d* H*%)*x%d%d%d+",
i,j,k,beta,i,j,k,gammaT,cc,i,j,k);

fprintf(mus,"(%f*(%f-2*d %d %d %d)\n",zz4,DO[k],i,j,k);

}

}
for (j=2;j< =Jk-1;j++)
{
for (k=2;k<=Q-1;k++)

{
fprintf(mus,"*v%d %d %d*(-1)*f%d %d %d"(-1)",i,j,k,i,j,k);

}
}

for =1;j< =Jk-2;j++)
for (k=2;k<=Q-1;k++)

{
fprintf(mus,” + % f*10*(-3)*(%f-2*d % d %d %d)\n",z8,D0[k],i,j,k);

}
}

for =2;j< =Jk-1;j++)
for (k=2;k<=Q-1;k++)

{
fprintf(mus,"*v%d %d %d* % f*f%d %d %d" %*d%d %d %d* H*%f)*x %d%d%d\n",

i,j,k,alpha,i,j,k,beta,i,j,k,gammaT,cc,i,j,k);
}}
for j=1;j < =Jk-2;j++)
for (k=2;k<=Q-1;k++)
i‘printf(mus, "+ (% (%f-2*d%d %d %d",zz4,D0[k],i,j,k);

}
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for =2;j < =Jk-1;j++)

for (k=2;k<=Q-1;k++)

{
fprintf(mus,"-2*d%d%d %d)",i,j,k);

}
}

for =3;j< =Jk;j++)

for (k=2;k<=Q-1;k++)

{
fprintf(mus, "*v%d %d%d*(-1)*f%d %d %d"(-1)+ % £*10*(-3)\n",

ij,k,1,j,k,z8);
}
}
for (j=1;j < =Jk-2:j++)

for (k=2;k<=Q-1;k++)

{
fprintf(mus, "*(%f-2*d%d %d %d",DO[K],i,j,k);

}
}

for (=2;j < =Jk-1;j++)

{
for (k=2;k<=Q-1;k++)

{
fprintf(mus,"-2*d%d%d%d)",i,j,k);

}
}

for (=3;j<=Jk;j++)
{
for (k=2;k<=Q-1;k++)
{
fprintf(mus, "*v%d%d %d* % f\n",i,j,k,alpha);
fprintf(mus, "*f%d%d %d* % f*d %d %d %d" % *(Hf+ %y %d%d %d",
i,j,k,beta,i,j, k,gammaT,cc,ww,i,j,k);
fprintf(mus,” + %f*y%d %d %d))*x %d %d %d\n",
zz8,1,j,k,i,j,k);
}
}
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for j=1;j <=Jk-2;j++)

for (k=3;k<=Q;k++)

{

fprintf(mus, " +(%f*v%d%d %d*(-1)*f%d%d%d"(-1)+ %f*v%d%d %d* %f\n",
z25,i,j,k,i,j,k,z10,i,j,k,alpha);

fprintf(mus, " *f%d%d %d" % f*d %d%d %d" % *%f)*x%d%d %d+",
i,j,k,beta,i,j,k,gammaT,cc,i,j,k);

fprintf(mus, " (% f*(%f-2*d %d %d %d)\n",2z6,D0[k],i,j,k);

}
for =2;j < =Jk-1;j++)

for (k=3;k< =Q;k++)
{
fprintf(mus,"*v%d%d %d*(-1)*f %d %d %d*(-1)",i,j,k,i,j,k);
}

}

for (=1;j < =Jk-2;j++)

for (k=3;k<=Q;k++)
{

fprintf(mus," + %f*10"(-3)*(%f-2*d%d%d %d)\n",z12,D0[kl,,j,k);
}
}

for =2;j< =Jk-1;j++)

for (k=3;k<=Q;k++)

{
fprintf(mus, " *v%d%d%d* % *f%d%d %d" % *d%d%d%d" % *%f)*x %d%d%d\n",

i,j,k,alpha,i,j,k,beta,i,j,k,gammaT,cc,i,j,k);

}}

for (j=1;j < =Jk-2;j++)

{for (k=3;k<=Q;k++)

i{'printf(mus," +(%(%f-2*d%d%d %d",226,D0[K], ,j,k);
}
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for =2;j < =Jk-1;j++)

for (k=3;k<=Q;k++)

{
fprintf(mus,"-2*d%d %d %d)",i,j,k);

}
}

for G=3;j < =Jk;j++)
{

for (k=3;k< =Q;k++)

{

fprintf(mus, " *v%d%d %d"(-1)*(%d % d %d"(-1)+ %£*10"(-3)\n",
Li.k.1,j.k,z12);

}

}

for =1;j < =Jk-2;j+ +)

{
for (k=3;k< =Q;k++)
{
fprintf(mus, **(%f-2*d %d %d %d" ,DO[k], 1,j,k);
}
}

for (=2:j < =Jk-L;j++)
{
for (k=3;k< =Q;k++)

fprintf(mus, *-2*d%d %d %d)", ij,k);
}
}

for =3;j<=Jk;j++)

for (k=3;k< =Q;k++)

{

fprintf(mus, "*v%d%d%d* %f\n",i,j,k,alpha);

fprintf(mus, "*f%d%d %d* %*d%d %d %d" %*(%f+ %f/y%d%d %d",
i,j,k,beta,i,j,k,gammaT,cc,ww,i,j,k);

fprintf(mus,” + % f*y%d %d %d))*x %d %d %d;\n",
229,i,j,k,i,j,k);
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}

}
/*
This section generates production time constraints
*/
for i=1;i<=Pji++)
{
for j=1;j < =Jk-2;j++)
{
for (k=1;k<=Q-2;k++)
{

fprintf(mus, " (%f*v%d %d %d"(-1)*f%d %d %d" (-1)+ % *vH%d %d %d* % f\n",
zl,i,j,k,i,j,k,22,i,j,k,alpha);

fprintf(mus, " *f%d%d %d* % f*d %d %d %d" B * %) *x Hd%d %d+",
i,j,k,beta,i,j, k,gammaT,tr,i,j,k);

fprintf(mus, " (%f*(%f-2*d %d %d %d)\n",z3,D0[k],i,j,k);

}

}

for =2;j < =Jk-1;j++)

for (k=1;k<=Q-2;k++)

t{'printf(mus,"*v%d%d%d“(-l)*f%d%d%d‘(—l)",i,j,k,i,j,k);
}}

for G=1;j < =Jk-2;j++)

{gor k=1k<=Q-2;k++)

fprintf(mus, " + %*10"(-3)*(%f-2*d%d %d %d)\n",z4,DO[k],i,j,k);

}
}

for =2;j < =Jk-1;j++)
for (k=1;k<=Q-2;k++)

{
fprintf(mus,"*v%d%d%d* % *f%d%d %d" % *d %d%d %d" % * %) *x %d%d %d\n", -

i,j,k,alpha,i,j,k,beta,i,j,k,gammaT,tr,i,j,k);
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}

for (j=1;j < =Jk-2;j++)

for (k=1;k< =Q-2;k++)

t{’printf(mus, "+ (R (%f-2*d%d %d %d",23,D0[K],i,j,k);
}}

for =2;j < =Jk-1;j++)

{for k=1;k<=Q-2;k++)
t{'printf(mus,"-2*d%d%d%d)",i,j,k);

}
}

for =3;j < =Jk;j++)
{
for (k=1;k<=Q-2;k++)

fprintf(mus, "*v%d %d %d"(-1)*f%d %d %d*(-1) + %£*10~(-3)\n",
1,j,k,i,j,k,z4);

}

}

for (j=1;j < =Jk-2;j++)
for (k=1;k<=Q-2;k++)

{
fprintf(mus, "*(%f-2*d%d %d %d", DO[K],i,j,k);

}
for (=2;j < =Jk-1;j++)
for (k=1;k<=Q-2;k++)

{
fprintf(mus, "-2*d%d %d%d)",i,j,k);

}
}

for (j=3;j < =Jk;j++)
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{
for (k=1;k<=Q-2;k++)

{

fprintf(mus, "*v%d %d%d" % f\n",i,j,k,alpha);

fprintf(mus, " *f%d %d %d" % *d %d %d %d % L*( %+ %f/y%d%d%d))*x %d %d %d\n",
i,j,k,beta,i,j,k,gammaT,tr,wt,i,j,k,i,j,k);

}

}
for (=1;j < =Jk-2;j++)

{
for (k=2;k<=Q-1;k++)

{
fprintf(mus, " +(% f*v%d %d%d"(-1)*f%d %d %d"(-1)+ % *v%d %d %d“ %f\n",

25,i,j,k,1,j,k, 26,i,j,k,alpha);
fprintf(mus,"*f%d %d %d* % *d %d %d Hd % * % ) *x Hd Hd%d+*,
Lj,k,beta,i,j,k,gammaT, r,i,j,k);
fprintf(mus,"(% f*(%f-2*d%d %d %d)\n",27,D0[k],i,j,k);
}

}
for (=2;j< =Jk-1;j++)

for (k=2;k<=Q-1;k++)

{
fprintf(mus,"*v%d %d %d*(-1)*f%d %d %d"(-1)" ,i,j,k,i.j,k);

}
}

for (j=1;j< =Jk-2;j++)
for (k=2;k<=Q-1;k++)

{
fprintf(mus," + % £*10*(-3)*(%f-2*d %d %d %d)\n*,z8,DO[K],1,j,k);

}
}

for j=2;j < =Jk-1;j++)
{
for (k=2;k<=Q-1;k++)

fprintf(mus,"*v%d %d%d" % *f%d %d %d" % *d %d Hd %d" % * %) *x %d %d %d\n",
i,j,k,alpha,i,j,k,beta,i,j,k,gammaT,tr,i,j,k);
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}
for (j=1;j< =Jk-2;j++)

for (k=2;k<=Q-1;k++)

{
fprintf(mus, * +(% £*(%f-2*d%d %d%d" ,z7,DO[K],i,j,k);
}

}
for =2;j < =Jk-1;j++)

for k=2;k<=Q-1;k++)

{
fprintf(mus,"-2*d %d %d %d)",i,j,k);

}
}

for G=3;j< =Jk;j++)

{
for (k=2;k<=Q-1;k++)

{
fprintf(mus,"*v%d %d%d"(-1)*f%d %d %d"(-1) + % £*10*(-3)\n",

1,j,k,1,j,k,28);
}
}
for =1;j <=Jk-2;j++)

for (k=2;k<=Q-1;k++)

{
fprintf(mus, " *(%f-2*d%d %d %d",DO[K],i,j,k);

}
}

for =2;j< =Jk-1;j++)
for (k=2;k<=Q-1;k++)

{
fprintf(mus, "-2*d%d %d %d)",i,j,k);

}
}

for (j=3;j< =Jk;j++)

152



{
for (k=2;k< =Q-1;k++)
{
fprintf(mus, " *v%d %d %d" %f\n",i,j,k,alpha);
fprintf(mus, " *f%d%d %d" % *d %d%d %d" %*(%f+ %f/y%d %d%d))*x %d%d %d\n",
i,j,k,beta,i,j,k,gammaT,tr,wt,i,j,k,i,j,k);
}

}
for (=1;j < =Jk-2;j++)

{
for (k=3;k<=Q;k++)

{
fprintf(mus, " +(%*v%d%d %d*(-1)* %d%d %d*(-1) + % f*v%d%d %d* % f\n",

29,i,j,k,i,j,k,z10,i,j,k,alpha);
fprintf(mus,"*f%d%d %d* %*d %d%d %d" % * %) *x %d%d %d+",
i,j,k,beta,i,j,k,gammaT,tr,i,j,k);
fprintf(mus, " (% *(% f-2*d %d %d %d)\n",z11,DO[k],i,j,k);
}
}

for =2;j< =Jk-1;j++)

for (k=3;k<=Q;k++)

{
fprintf(mus,"*v%d%d %d*(-1)*f%d %d %d"(-1)",i,j,k,i,j,k);

}
}

for (j=1;j < =Jk-2;j++)

{
for (k=3;k<=Q;k++)

{
fprintf(mus, " + %*10°(-3)*(% f-2*d %d %d %d)\n",z12,D0[k],i,j,k);

}
}

for =2;j< =Jk-1;j++)
{
for (k=3;k<=Q;k++)

{
fprintf(mus,"*v%d %d %d* % *f%d%d%d" % *d%d %d %d" % *%)*x%d%d%d\n",

i,j,k,alpha,i,j, k,beta,i,j,k,gammaT,tr,i,j,k);
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}
for G=1;j < =Jk-2;j++)

for (k=3;k<=Q;k++)

{
fprintf(mus, " +(% f*(% -2*d%d %d %d",z11,DO[K],i.j,k);

}
}
for (=2;j < =Jk-1;j++)

for (k=3;k<=Q;k++)

{
fprintf(mus,"-2*d%d %d%d)" i,j,k);

}
}

for (j=3;j < =Jk;j++)

for (k=3;k<=Q;k+ +)

{
fprintf(mus,"*v%d%d %d"(-1)*%d%d %d"(-1) + %*10*(-3)\n",

i,j,k.i,j,k,z12);
}
}
for j=1;j < =Jk-2;j++)

for (k=3;k<=Q;k++)

{
fprintf(mus,"*(%£-2*d %d %d %d" ,DO[K], j,k);

}
}

for =2;j< =Jk-1;j++)
for (k=3;k<=Q;k++)

{
fprintf(mus,"-2*d %d%d %d)",i,j,k);

}
}

for =3;j<=Jk;j++)
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{
for (k=3;k<=Q;k++)
{
fprintf(mus,"*v%d %d %d* %f\n",i,j,k,alpha);
fprintf(mus, " *f%d%d %d~ % *d %d %d %d" % {*(%f+ % f/ly%d%d%d))",

i.j,k,beta,i,j,k,gammaT,tr,wt,i,j,k);

fprintf(mus,"*x%d %d%d < =Z;\n",i,j,k);
}

}

}

/ *

This section generates cutting speed, feed rate, cutting
force and cutting power constraints

*/

for (i=1;i< =P;i++)
{
for j=1;j < =Jk;j++)

for (k=1;k<=Q;k++)

{

fprintf(mus,"v%d%d %d > = %f;\n",i,j,k,v_I[{]);

fprintf(mus,"v%d%d %d < = %f;\n",i,j,k,v_u[j]);

fprintf(mus, "f%d%d %d > = %f;\n",i,j,k.f_1{]);

fprintf(mus, "f%d%d %d < = %f;\n",i,j,k,f_uj]);

fprintf(mus," % f*f%d%d %d" % *d%d%d%d" %f < = %f;\n" kF,i,j, k,betaF,
i,j,k,gammaF,Fc_u);

fprintf(mus," %*10*2*v%d%d %d*f%d%d %d" % *d % d%d %d* %f < = %*10"2;\n"
kP,i,j,k,i,j,k,betaF,i,j,k,gammaF,Pc_u);

}

}
}

/*
This section generates depth of cut constraints
*/
for i=1;i<=P;i++)
{
for =1;j< =Jk;j++)

for (k=1;k<=Q;k++)
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if (i==k) && (j==JKk)
fprintf(mus,"d%d%d%d > = %£:\n",i,j,k,d_I{i]);
fprintf(mus,"d%d%d%d < = %f:\n",i,j,k,d_ulj]);
}
}
}

/#
This section generates the sum of depth of cut constraints
*/

for (i=1;i<=P-1;i++)

{
for j=1;j<=Jk;j++)

{
for (k=1;k<=Q-2;k++)
{
fprintf(mus,"d%d %d %d +",i,j,k);
}
}
}

for (i=3;i<=P;i++)

{
for =1;j<=Jk-15j++)

for (k=1;k<=Q-2;k++)
{
fprintf(mus,"d%d%d %d+" ,i,j,k);
}
}
}

for 1=3;i<=P;i++)

{
for =3;j<=Jk;j++)
{

for k=1;k<=Q-2;k++)
{
fprintf(mus,"d %d %d %d = %f;\n",i,j,k,dtotal[k]);
}
}
}
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for (i=1;i< =P-l;i++)

{
for j=1;j < =Jk;j++)

for (k=2;k<=Q-1;k++)

{
fprintf(mus, "d%d%d%d+",i,j,k);

}
}

for i=3;i< =P;i++)
{
for =1;j < =Jk-1;j++)

{
for (k=2;k < =Q-1;k++)

fprintf(mus, "d%d %d %d+",1,j,K);
}

}
}

for (i=3;i< =P;i++)
{
for =3;j< =Jk;j++)

for (k=2;k<=Q-1;k++)
{
fprintf(mus, "d%d%d %d = %f;\n" i,j,k,dtotal[k]);
}
}
}

for i=1l;i<=P-l;i++)

{
for =1;j<=Jk;j++)

for (k=3;k< =Q;k++)
{
fprintf(mus,"d%d%d %d +",i,j,k);
}
}
}
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for (i=3;i< =P;i++)
{
for =1 <=Jk-1;j++)

for (k=3;k< =Q;k++)
{
fprintf(mus,"d%d%d%d+",i,j,k);
}
}
}

for i=3;i<=P;i++)

{
for (=3;j<=Jk;j++)

for (k=3;k<=Q;k++)
{
fprintf(mus,"d%d%d %d = %f;\n",i,j,k,dtotal{K]);
}
}
}

for (i=1;i< =P-l;i++)

{
for =1 < =Jk;j++)

for (k=1;k<=Q-2;k++)
{
fprintf(mus,"d%d %d%d*x%d%d%d+",i,j,k,i,j,k);
}
}
}

for (1=3;i< =P;i+ +)

{
for j=1;j<=Jk-1;j++)

for (k=1;k<=Q-2;k++)
{
fprintf(mus,"d%d %d %d*x%d %d %d+",i,j,k,i,j,k);
}
}
}
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for (i=3;i<=P;i++)
{
for =3;j<=Jk;j++)

for (k=1;k<=Q-2;k++)

{

fprintf(mus,"d%d %d%d*x %d %d %d = %f;\n",i,j,k,i,j,k,dtotal[k]);
}

}

}

for (i=1;i< =P-1;i++)

{for G=Lj<=Jk;j++)

{for k=2;k<=Q-1;k++)
1{"printf(mus,"d%d%d%d*x%d%d%d+',iJ,k,iJ,k);
}}

}

t{'or (i=3;i<=P;i++)

for =1;j < =Jk-1;j++)
for (k=2;k<=Q-1;k++)

{
fprintf(mus,"d%d%d %d*x % d%d %d+",i.j,k,i.j,k);
}

}
}

for (i=3;i< =P;i++)

{
for =3;j < =Jk;j+ +)

for (k=2;k<=Q-1;k++)

{
fprintf(mus,"d%d%d %d*x%d%d%d = %f;\n" ,i,j,k,i,j,k,dtotal[k]);
}

}
}
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for (i=1;i<=P-1;i++)

{
for =1;j<=Jk;j++)

for (k=3;k< =Q;k++)
{
fprintf(mus,"d%d%d%d*x%d %d %d+",i,j,k,i,j,k);
}
}
}

for (i=3;i<=P;i++)
{
for =1;j<=Jk-1;j++)

for (k=3;k< =Q;k++)

{
fprintf(mus,"d%d%d%d*x %d %d %d+",i,j,k.i,j,k);
}

}
}

for (i=3;i<=P;i++)
{
for =3;j<=Jk;j++)

for (k=3;k< =Q;k++)
{
fprintf(mus,"d%d %d %d*x%d %d%d=%f;\n",i,j,k,i,j,k,dtotal[k]);
}
}
}

/#
This section generates the constraints such that each
operation is processed by only one machine
*/
for i=1;i<=P-l;i++)
{
for =1;j < =Jk-2;j++)

for k=1;k<=Q-2;k++)
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{
fprintf(mus,"x%d %d %d+",i,j,k);

}

}
}

for (i=3;i<=P;i++)
{
for =1;j<=Jk-2;j++)
{
for (k=1;k<=Q-2;k++)

fprintf(mus,"x%d%d %d=1;\n",i,j,k);

}
}
}
for (i=1;i< =P-1;i++)
{

for (=2;j<=Jk-1;j++)

for (k=1;k<=Q-2;k++)
{
fprintf(mus,"x%d %d %d +",i,j,k);
}
}
}

for (i=3;i<=P;i++)
{
for (j=2;j < =Jk-1;j++)

for (k=1k<=Q-2;k++)
{
fprintf(mus,"x%d %d %d =1;\n",i,j,k);
}
}
}

for (i=1;i<=P-l;i++)
{
for =3;j < =Jk;j++)

for (k=1;k< =Q-2;k++)
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{
fprintf(mus, "x%d%d %d+*,,j,k);
}
}
}

for (=3;i< =P;i++)

{
for =3;j<=Jk;j++)

for (k=1;k<=Q-2;k++)
{
fprintf(mus,"x%d%d %d =1;\n",i,j,k);
}
}
}

for (i=1;i< =P-1;i++)

{
for =1;j <=Jk-2;j++)

for (k=2;k<=Q-1;k++)
{
fprintf(mus,"x%d %d %d +",i,j,k);
}
}
}

for i=3;i<=P;i++)

{
for =1;j <=Jk-2;j++)

for (k=2;k<=Q-1;k++)

fprintf(mus,"x%d%d%d=1;\n",i,j,k);
}

}
}

for i=1;i<=P-l;i++)
{
for =2;j < =Jk-1;j++)

{
for k=2;k<=Q-1;k++)
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{
fprintf(mus, "x%d%d %d+",i,j,k);

}

}
}

for (=3;i<=P;i++)

{
for =2;j < =Jk-1;j+ +)

for (k=2;k<=Q-1;k++)
{
fprintf(mus,"x%d%d%d=1;\n",i,j,k);
}
}
}

for i=1;i<=P-1;i++)

{
for =3;j<=Jk;j++)

for k=2;k<=Q-1;k++)

{
fprintf(mus,"x%d%d %d+",i,j,k);

}
}
}

for (i=3;i<=P;i++)
{
for (=3;j<=Jk;j++)

for (k=2;k<=Q-1;k++)

fprintf(mus,"x%d%d%d=1;\n",ij,k);
}

}
}

for (i=1;i< =P-1;i++)
{
for j=1;j < =Jk-2;j++)

for (k=3;k<=Q;k++)
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{
fprintf(mus, "x%d%d%d+",i,j,k);

}

}
}

for (i=3;i<=P;i++)
{
for =1;j<=Jk-2;j++)
for (k=3;k<=Q;k++)
{

fprintf(mus, "x%d%d%d=1;\n",i,j,k);

}
}
}
for (i=1;i< =P-L;i++)
{

for =2;j < =Jk-1;j++)

for (k=3;k< =Q;k++)
{
fprintf(mus,"x%d%d%d +",i,j,k);
}
}
}

for (i=3;i<=P;i++)
{
for =2;j< =Jk-1;j++)
for (k=3;k< =Q;k++)
{

fprintf(mus, "x%d %d %d =1;\n",i,j,k);

}
}
}
for (i=1;i<=P-l;i++)
{

for G=3;j< =Jk;j++)

for (k=3;k<=Q;k++)
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{
fprintf(mus, "x %d%d%d +*,ij,k);
}
}
}

for i=3;i<=P;i++)
{
for =3;j<=Jk;j++)

for (k=3;k<=Q;k++)

fprintf(mus,"x%d%d %d=1;\n",i,j,k);
}

}
}

/*

This section generates the constraints such that the last pass of each feature is
always selected and each machine should perform at least one pass

*/

for (i=l;i< =Pji++)
{
for j=1;j < =Jk;j++)
for (k=1;k<=Q;k++)

if (1==k) && (j==Jk))
fprintf(mus,"x%d%d %d=1;\n",i,j,k);

}
}
}
/t
This section generates dimension deviation constraints
*/

for (i=1;i<=P;i++)
{
for j=3;j < =Jk;j++)

for (k=1;k<=Q;k++)
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fprintf(mus, "y %d %d %d > =0;\n",1,j,k);
fprintf(mus, "y %d %d%d < = %f;\n",1,j,k,delta[k]);

}
}

/*
This section generates surface finish constraints
*/

for (i=1;i<=P;i++)
{
for =3;j<=Jk;j++)

for (k=1;k<=Q;k++)

{
fprintf(mus," % f*v%d%d%d* % f%d %d %d* % *d%dHd%d* % f< = %f:\n" kS,

i,j,k,alpha$,i,j,k,betaS,i,j,k,gammaS,SF_u[k]);
}
}
}
fprintf(mus, "END\n");

fprintf(mus, "BAT\n");
return 0;

}
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Appendix H

LINGO-format-input for the example problem of Model 2.4

MODEL
min=(424.114655*v111*(-1)*f111“(-1)+0.000090*v1110.700000
*£111°0.550000*d111%1.220000*7.000000)*x 111 +(2.827431*(150.000000-2*d111)
*v121°(-1)*f121*(-1) +0.000600*10* (-3)*(150.000000-2*d111)
*v121°0.700000*£1210.550000*d121*1.220000*7.000000)*x 121
+(2.827431*%(150.000000-2*d111-2*d121)*v131*(-1)*f131*(-1) +0.000600*10"(-3)
*(150.000000-2*d111-2*d121)*v131~0.700000 ,
*13170.550000*d 131*1.220000*(7.000000+0.060000/y131+23.026567*y131))*x 131
+(131.946777*v112*(-1)*£112*(-1) +0.000028*v112*0.700000

*f112°0.550000*d 112*1.220000*7.000000) *x 112 +(0.942477*(140.000000-2*d112)
*v1227(-1)*£122%(-1)+0.000200*10"(-3)*(140.000000-2*d112)
*v12270.700000*£1220.550000*d 122 1.220000*7.000000) *x 122
+(0.942477*(140.000000-2*d 112-2*d122)*v132*(-1)*f132*(-1) +0.000200*10(-3)
*(140.000000-2*d112-2*d122)*v132*0.700000
*£1320.550000*d132*1.220000*(7.000000+0.060000/y 132 +23.026567*y132))*x132
+(197.920166*v113*(-1)*f113*(-1) +0.000042*v113“0.700000

*f11370.550000*d 113*1.220000*7.000000)*x113 +(1.413715%(140.000000-2*d113)
*v123%(-1)*f123*(-1)+0.000300*10~(-3)*(140.000000-2*d113)
*v1230.700000%f123*0.550000*d 123 1.220000*7.000000) *x 123
+(1.413715%(140.000000-2*d113-2*d 123)*v133*(-1)*f133*(-1) +0.000300*10(-3)
*(140.000000-2*d113-2*d123)*v133~0.700000
*£13370.550000*d133"1.220000*(7.000000+0.060000/y133+23.026567*y133))*x133 +
(424.114655*v211°(-1)*£211*(-1) +0.000090*v211“0.700000
*£21170.550000%d211*1.220000*7.000000)*x211+(2.827431*(150.000000-2*d211)
*v221°(-1)*f221*(-1)+0.000600*10"(-3)*(150.000000-2*d211)
*v221°0.700000%£221*0.550000*d221“1.220000*7.000000)*x221
+(2.827431*(150.000000-2*d211-2*d221)*v231*(-1)*f231*(-1) +0.000600*10"(-3)
*(150.000000-2*d211-2*d221)*v231“0.700000
*£23170.550000%d2311.220000*(7.000000+0.060000/y231 +23.026567*y231))*x231
+(131.946777*v212%(-1)*£212*(-1) +0.000028*v212*0.700000
*£212°0.550000*d212*1.220000*7.000000)*x212 +(0.942477*(140.000000-2*d212)
*v222°(-1)*f222*(-1)+0.000200*10" (-3)*(140.000000-2*d212)
*v222°0.700000*£222*0.550000*d222“1.220000*7.000000)*x222
+(0.942477*(140.000000-2*d212-2*d222)*v232(-1)*{232*(-1) +0.000200%10*(-3)
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*(140.000000-2*d212-2*d222)*v2320.700000
*£232"0.550000*d232*1.220000*(7.000000+0.060000/y232 +23.026567*y232)) *x232
+(197.920166*v213"(-1)*f213*(-1) +0.000042*v213*0.700000
*121370.550000*d213"1.220000*7.000000)*x213 +(1.413715%(140.000000-2*d213) -
*v223%(-1)*f223"(-1)+0.000300*10"(-3) *(140.000000-2*d213)
*v223"0.700000*£223"0.550000*d2231.220000*7.000000)*x223
+(1.413715%(140.000000-2*d213-2*d223)*v233*(-1)*f233*(-1) +0.000300*10*(-3)
*(140.000000-2*d213-2*d223)*v2330.700000
*£23370.550000*d2331.220000*(7.000000+0.060000/y233 +23.026567*y233))*x233 +
(424.114655*v311*(-1)*f311*(-1)+0.000090*v311“0.700000
*£31170.550000%d311*1.220000*7.000000)*x311 +(2.827431*(150.000000-2*d311)
*v321*(-1)*£321*(-1) +0.000600*10*(-3)*(150.000000-2*d311)
*v32170.700000*£321°0.550000*d3211.220000*7.000000)*x321
+(2.827431*%(150.000000-2*d311-2*d321)*v331°(-1)*f331*(-1) +0.000600*10*(-3)
*(150.000000-2*d311-2*d321)*v3310.700000
*£331°0.550000%d3311.220000*(7.000000+0.060000/y331 +23.026567*y331))*x331
+(131.946777*v312%(-1)*f312*(-1) +0.000028*v312*0.700000
*£312°0.550000*d312*1.220000*7.000000)*x312 +(0.942477*(140.000000-2*d312)
*v322%(-1)*£322*(-1)+0.000200*10*(-3) *(140.000000-2*d312)
*v32270.700000*£322°0.550000*d322*1.220000*7.000000) *x322
+(0.942477%(140.000000-2*d312-2*d322) *v332*(-1)*£332“(-1) +0.000200*10*(-3)
*(140.000000-2*d3 12-2*d322)*v332*0.700000
*£33270.550000*d332"1.220000*(7.000000+0.060000/y332 +23.026567*y332))*x332
+(197.920166*v313"(-1)*f313*(-1) +0.000042*v313*0.700000
*f313°0.550000*d3131.220000*7.000000)*x313+(1.413715%(140.000000-2*d313)
*v323°(-1)*£323*(-1) +0.000300*10"(-3) *(140.000000-2*d313)
*v3230.700000*£3230.550000*d3231.220000*7.000000) *x323
+(1.413715%(140.000000-2*d313-2*d323) *v333“(-1)*f333“(-1) +0.000300*10*(-3)
*(140.000000-2*d313-2*d323)*v333°0.700000
*£33370.550000*d333*1.220000*(7.000000+0.060000/y333 +23.026567*y333)) *x333;
(141.371552*v111%(-1)*f111*(-1) +0.000090*v1110.700000
*f1110.550000*d111*1.220000%0.500000)*x111 +(0.942477*(150.000000-2*d111)
*v121°(-1)*f121*(-1)+0.000600*10"(-3)*(150.000000-2*d111)
*v12170.700000*£1210.550000*d121*1.220000*0.500000) *x 121
+(0.942477%(150.000000-2*d111-2*d121)*v131*(-1)*f131*(-1) +0.000600*10*(-3)
*(150.000000-2*d111-2*d121)*v131“0.700000

*f13170.550000*d 131°1.220000*(0.500000+0.020000/y131))*x131
+(43.982262*v112*(-1)*f112*(-1) +0.000028*v1120. 700000

*f112°0.550000*d 112*1.220000*0.500000) *x 112 +(0.314159*(140.000000-2*d112)
*v122%(-1)*f122*(-1)+0.000200*10"(-3)*(140.000000-2*d112)
*v122%0.700000*£122*0.550000*d 122*1.220000*0.500000) *x 122
+(0.314159*%(140.000000-2*d112-2*d122)*v132*(-1)*f132*(-1) +0.000200*10*(-3)
*(140.000000-2*d112-2*d122)*v132*0.700000

*f13270.550000*d 132°1.220000*(0.500000+0.020000/y132))*x 132
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+(65.973389*v113(-1)*f113*(-1)+0.000042*v113*0.700000
*£1130.550000%d113*1.220000*0.500000) *x 113 +(0.471238*(140.000000-2*d113)
*v123%(-1)*f123*(-1)+0.000300*10*(-3)*(140.000000-2*d113)
*v12370.700000%£123*0.550000*d123*1.220000*0.500000)*x 123
+(0.471238*(140.000000-2*d 113-2*d123)*v133*(-1)*f133*(-1) +0.000300*10"(-3)
*(140.000000-2*d113-2*d123)*v1330.700000
*£1330.550000*d133*1.220000*(0.500000+0.020000/y133))*x133 < =Z;
(141.371552*v211*(-1)*f211*(-1)+0.000090*v211*0.700000
*£211°0.550000*d2111.220000*0.500000)*x211 +(0.942477*(150.000000-2*d211)
*v221°(-1)*{221*(-1)+0.000600*10*(-3)*(150.000000-2*d21 1)
*v221°0.700000%£2210.550000*d221*1.220000*0.500000) *x221
+(0.942477%(150.000000-2*d211-2*d221)*v231(-1)*f231*(-1) +0.000600*10*(-3)
*(150.000000-2*d211-2*d221)*v231*0.700000
*{23170.550000*d2311.220000*(0.500000+0.020000/y231))*x231
+(43.982262*v212*(-1)*f212*(-1) +0.000028*v212*0.700000
*{212°0.550000*d212*1.220000*0.500000)*x212 +(0.314159*(140.000000-2*d212)
*v222%(-1)*£222*(-1) +0.000200*10"(-3)*(140.000000-2*d212)
*v22270.700000*£222*0.550000*d2221.220000*0.500000)*x222
+(0.314159*%(140.000000-2*d212-2*d222) *v232*(-1)*£232*(-1) +0.000200*10*(-3)
*(140.000000-2*d212-2*d222)*v232*0.700000
*232°0.550000*d232*1.220000*(0.500000+0.020000/y232))*x232
+(65.973389*v213*(-1)*f213*(-1) +0.000042*v213*0.700000
*{2130.550000*d213*1.220000*0.500000)*x213 +(0.471238*(140.000000-2*d213)
*v223°(-1)*f223*(-1) +0.000300*10"(-3)*(140.000000-2*d213)
*v2230.700000%£2230.550000*d2231.220000*0.500000)*x223
+(0.471238%(140.000000-2*d213-2*d223)*v233(-1)*£233*(-1) +0.000300*10*(-3)
*(140.000000-2*d213-2*d223)*v233*0.700000
*{23370.550000*d2331.220000*(0.500000+0.020000/y233))*x233 < =Z;
(141.371552*v311°(-1)*£311*(-1) +0.000090*v3110.700000 :
*{31170.550000*d311*1.220000*0.500000)*x311+(0.942477*(150.000000-2*d311)
*v321°(-1)*f321*(-1) +0.000600*10*(-3)*(150.000000-2*d311)
*v321°0.700000%£3210.550000*d3211.220000*0.500000)*x321
+(0.942477*(150.000000-2*d311-2*d321)*v331“(-1)*£331(-1) +0.000600*10*(-3)
*(150.000000-2*d311-2*d321)*v331°0.700000
*£331°0.550000*d331*1.220000*(0.500000+0.020000/y331))*x331
+(43.982262*v312*(-1)*f312*(-1) +0.000028*v312“0.700000
*{31270.550000*d312*1.220000*0.500000)*x312+(0.314159*(140.000000-2*d312)
*v322%(-1)*£322*(-1)+0.000200*10*(-3)*(140.000000-2*d312)
*v322°0.700000*£322*0.550000*d322*1.220000*0.500000) *x322
+(0.314159%(140.000000-2*d3 12-2*d322)*v332(-1)*£332*(-1) +0.000200*10*(-3)
*(140.000000-2*d312-2*d322)*v332*0.700000
*£332°0.550000*d332*1.220000*(0.500000+-0.020000/y332))*x332
+(65.973389*v313*(-1)*f313*(-1) +0.000042*v313“0.700000
*£31370.550000*d313*1.220000*0.500000)*x313 +(0.471238*(140.000000-2*d313)
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*v323°(-1)*£323"(-1) +0.000300*10"(-3) *(140.000000-2*d313)
*v3230.700000*£323*0.550000*d323*1.220000*0.500000)*x323
+(0.471238*(140.000000-2*d313-2*d323)*v333“(-1)*{333*(-1) +0.000300*10*(-3)
*(140.000000-2*d313-2*d323)*v333*0.700000
*£333°0.550000%d333"1.220000*(0.500000+0.020000/y333))*x333 < =Z;
v111> =90.000000;

v111 < =120.000000;

f111 > =0.800000;

f111 < =2.000000;

1.380000*f111%1.180000*d1111.260000 < =20.000000;
0.000282*10"2*v111*f111*1.180000*d1111.260000 < =2.000000*102;
v112 > =90.000000;

v112 < =120.000000;

f112 > =0.800000;

f112 < =2.000000;

1.380000%£112*1.180000*d112*1.260000 < =20.000000;
0.000282*10°2*v112*f112*1.180000*d112*1.260000 < =2.000000*10"2;
v113> =90.000000;

v113 < =120.000000;

f113 > =0.800000;

f113 < =2.000000;

1.380000*£113*1.180000*d113*1.260000 < =20.000000;
0.000282*10"2*v113*f113*1.180000*d113*1.260000 < =2.000000*10"2;
v121 > =90.000000;

v121 < =120.000000;

f121> =0.800000;

f121 < =2.000000;

1.380000*£121°1.180000*d1211.260000 < =20.000000;
0.000282*10"2*v121*f121*1.180000*d121*1.260000 < =2.000000*10"2;
v122 > =90.000000;

v122 < =120.000000;

122> =0.800000;

122 < =2.000000;

1.380000*£122°1.180000*d122*1.260000 < =20.000000;
0.000282*10%2*v122*£122*1.180000*d122*1.260000 < =2.000000*10"2;
v123 > =90.000000;

v123 < =120.000000;

f123 > =0.800000;

123 < =2.000000;

1.380000*£123°1.180000*d1231.260000 < =20.000000;
0.000282*10*2*v123*f123*1.180000*d123*1.260000 < =2.000000*10"2;
v131> =168.000000;

v131 < =210.000000;

f131 > =0.130000;
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f131 < =0.500000;
1.380000*f131*1.180000*d1311.260000 < =20.000000;
0.000282*10"2*v131*f131*1.180000*d131*1.260000 < =2.000000*10"2;
v132> =168.000000;

v132 < =210.000000;

f132> =0.130000
f132 < =0.500000;
1.380000*£132*1.180000*d132*1.260000 < =20.000000;
0.000282*10"2*v132*f132*1.180000*d132*1.260000 < =2.000000*10"2;
v133 > =168.000000;

v133 < =210.000000;

f133> =0.130000;

133 < =0.500000;

1.380000*f133*1.180000*d1331.260000 < =20.000000;
0.000282*10"2*v133*f133*1.180000*d1331.260000 < =2.000000*10*2;
v211> =90.000000;

v211 < =120.000000;

211> =0.800000;

211 < =2.000000;

1.380000%£211*1.180000*d211“1.260000 < =20.000000;
0.000282*10"2*v211*f211*1.180000*d211*1.260000 < =2.000000*10*2;
v212> =90.000000;

v212 < =120.000000;

212 > =0.800000;

212 < =2.000000;

1.380000*f212*1.180000*d212*1.260000 < =20.000000;
0.000282*10%2*v212*f212*1.180000*d212*1.260000 < =2.000000*10*2;
v213 > =90.000000;

v213 < =120.000000;

213 > =0.800000;

213 < =2.000000;

1.380000*f213*1.180000*d213*1.260000 < =20.000000;
0.000282*10*2*v213*f213*1.180000*d213*1.260000 < =2.000000*10*2;
v221 > =90.000000;

v221 < =120.000000;

221 > =0.800000;

221 < =2.000000;

1.380000%f221*1.180000*d221*1.260000 < =20.000000;
0.000282*10"2*v221*f221*1.180000*d2211.260000 < =2.000000*10*2;
v222 > =90.000000;

v222 < =120.000000;

222 > =0.800000;

222 < =2.000000;

1.380000*f222*1.180000*d2221.260000 < =20.000000;

* we
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0.000282*10%2*v222*£222*1.180000*d222*1.260000 < =2.000000*10"2;
v223 > =90.000000;

v223 < =120.000000;

f223 > =0.800000;

1223 < =2.000000;

1.380000%f2231.180000*d2231.260000 < =20.000000;
0.000282*10"2*v223*223*1.180000*d223*1.260000 < =2.000000*10"2;
v231> =168.000000;

v231 < =210.000000;

231> =0.130000;

231 <=0.500000;

1.380000*f2311.180000*d231*1.260000 < =20.000000;
0.000282*10"2*v231*f231*1.180000*d231“1.260000 < =2.000000*10"2;
v232 > =168.000000;

v232 < =210.000000;

232> =0.130000;

f232 < =0.500000;

1.380000%£232*1.180000*d232*1.260000 < =20.000000;
0.000282*10"2*v232*£232*1.180000*d232*1.260000 < =2.000000*10"2;
v233 > =168.000000;

v233 < =210.000000;

£233 > =0.130000;

233 < =0.500000;

1.380000*f233*1.180000*d233*1.260000 < =20.000000;
0.000282*102*v233*f233*1.180000*d233*1.260000 < =2.000000*10"2;
v311 > =90.000000;

v311 < =120.000000;

f311> =0.800000;

311 < =2.000000;

1.380000*f311*1.180000*d311*1.260000 < =20.000000;
0.000282*10"2*v311*f311*1.180000*d311*1.260000 < =2.000000*10"2;
v312> =90.000000;

v312 < =120.000000;

312 > =0.800000;

312 < =2.000000;

1.380000*£312"1.180000*d312*1.260000 < =20.000000;
0.000282*10"2*v312*f312*1.180000*d312*1.260000 < =2.000000*10"2;
v313 > =90.000000;

v313 < =120.000000;

£313 > =0.800000;

313 < =2.000000;

1.380000*f313"1.180000*d3131.260000 < =20.000000;
0.000282*10"2*v313*£313*1.180000*d313*1.260000 < =2.000000*10"2;

v321 > =90.000000;
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v321 < =120.000000;

£321 > =0.800000;

321 < =2.000000;

1.380000*321*1.180000*d321*1.260000 < =20.000000;
0.000282*10%2*v321*£321*1.180000*d3211.260000 < =2.000000*10"2;
v322 > =90.000000;

v322 < =120.000000;

£322 > =0.800000;

£322 < =2.000000;

1.380000*£322*1.180000*d322*1.260000 < =20.000000;
0.000282*10"2*v322*£322*1.180000*d322"1.260000 < =2.000000*10"2;
v323 > =90.000000;

v323 < =120.000000;

£323 > =0.800000;

323 < =2.000000;

1.380000%323*1.180000*d323*1.260000 < =20.000000;
0.000282*10"2*v323*£323“1.180000*d323"1.260000 < =2.000000*10*2;
v331 > =168.000000;

v331 < =210.000000;

£331 > =0.130000;

331 < =0.500000;

1.380000*£331°1.180000*d3311.260000 < =20.000000;
0.000282*10"2*v331*£331*1.180000*d331*1.260000 < =2.000000*10"2;
v332 > =168.000000;

v332 < =210.000000;

332 > =0.130000;

332 < =0.500000;

1.380000*£332*1.180000*d332*1.260000 < =20.000000;
0.000282*1072*v332+*£332*1.180000*d332*1.260000 < =2.000000*10"2;
v333 > =168.000000;

v333 < =210.000000;

333 > =0.130000;

333 < =0.500000;

1.380000*£333*1.180000*d333*1.260000 < =20.000000;
0.000282*10"2*v333*f333*1.180000*d333“1.260000 < =2.000000*10"2;
d111 < =5.000000;

d112 < =5.000000;

d113 < =5.000000;

d121 < =5.000000;

d122 < =5.000000;

d123 < =5.000000;

d131> =0.300000;

d131 < =1.000000;

d132 < =1.000000;
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d133 < =1.000000;

d211 < =5.000000;

d212 < =5.000000;

d213 < =5.000000;

d221 < =5.000000;

d222 < =5.000000;

d223 < =5.000000;

d231 < =1.000000;

d232 > =0.300000;

d232 < =1.000000;

d233 < =1.000000;

d311 < =5.000000;

d312 < =5.000000;

d313 < =5.000000;

d321 < =5.000000;

d322 < =5.000000;

d323 < =5.000000;

d331 < =1.000000;

d332 < =1.000000;

d333 > =0.300000;

d333 < =1.000000;
d111+d121+d131+d211+d221+d231+d311+d321+d331=5.000000;
d112+d122+d132+d212+d222 +d232+d312+d322 +d332=8.000000;
d113+d123+d133+d213+d223+d233+d313+d323+d333 =10.000000;
dl11*x111+d121*x121+d131*x131+d211*x211+d221*x221+d231*x231+
d311*x311+d321*x321+d331*x331=5.000000;
d112*x112+d122*x122+d132*x132+d212*x212+d222*x222 +d232*x232+
d312*x312+d322*x322 +d332*x332=8.000000;
d113*x113+d123*x123+d133*x133+d213*x213+d223*x223+d233*x233+
d313*x313+d323*x323 +d333*x333=10.000000;
x111+x211+x311=1;

x1214+x221+x321=1;

x1314+x231+x331=1;

x112+x212+x312=1;

x122+x222+x322=1;

x132+4+x232+x332=1;

x113+x213+x313=1;

x123+x223+x323=1;

x133+x233+x333=1;

x131=1;

x232=1;

x333=1;

yl31> =0;

y131 < =0.065900;
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yl32> =0;

y132 < =0.065900;

yi133> =0;

y133 < =0.065900;

y231> =0;

y231 < =0.065900;

y232> =0;

y232 < =0.065900;

y233> =0;

y233 < =0.065900;

y331> =0;

y331 < =0.065900;

y332> =0;

y332 < =0.065900;

y333> =0;

y333 < =0.065900;
1.170000*v131*-0.250000*f131°0.720000*d131“0.230000 < = 1.600000;
1.170000*v132-0.250000*£132*0.720000*d 132*0.230000 < = 1.600000;
1.170000*v133-0.250000*f133*0.720000*d1330.230000 < =1.600000;
1.170000*v231*-0.250000*£2310.720000*d2310.230000 < =1.600000;
1.170000*v232-0.250000*£2320.720000*d2320.230000 < = 1.600000;
1.170000*v233*-0.250000*£2330.720000*d2330.230000 < =1.600000;
1.170000*v331-0.250000*£331“0.720000*d3310.230000 < =1.600000;
1.170000*v332*-0.250000*£332*0.720000*d3320.230000 < = 1.600000;
1.170000*v333-0.250000*£333“0.720000*d333*0.230000 < =1.600000;
END

BAT
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Appendix I

C code to generate LINGO-format-input for Model 2.5

/*
This program is used to generate the LINGO-format-input model
*/

# include <stdio.h>
# include <conio.h>
# include <stdlib.h>
# include <math.h>

# define pi 3.14159
# define ¢ 6120

/*

P = number of machines

Jk = number of passes of feature k
Q = number of features

*/
int i,j,k,P,Jk,Q,R;

float alpha,beta,z1,22,23,24,25,26,27,28,29,
z10,z11,z12,wt, kP;

float kT=1570000.00,
alphaT=1.70,
betaT=1.55,
gammaT=1.22,
tr=0.5,
w=0.1,
ta=0.2,
betaF=1.18,
gammaF=1.26,
kF=1.38,

176



Fc_u=20.0,
eta=(0.8,
Pc_u=2.0,
kS=1.17,
alphaS =-0.25,
betaS =0.72,
gammaS =0.23;

static float DO[4] = {0.0,150.0,140.0,140.0};
static float L[4] = {0.0,300.0,100.0,150.0};
static float dtotal[4] = {0.0,5.0,8.0,10.0};
static float SF_u[4] = {0.0,1.6,1.6,1.6};
static float delta[4] = {0.0,0.0659,0.0659,0.0659};
static float v_I[4] = {0.0,90.0,90.0,168.0};
static float v_u[4] = {0.0,120.0,120.0,210.0};
static float f_I[4] = {0.0,0.8,0.8,0.13};

static float f_uf4] = {0.0,2.0,2.0,0.50};

static float d_I[4] = {0.0,0.0,0.0,0.3};

static float d_u[4] = {0.0,5.0,5.0,1.0};

FILE *mus;
main()

{

clrscr(;

P=3;Jk=3;Q=3;

R=1000;

alpha=alphaT-1;
beta=betaT-1;
z1=pi*DO[1]*L[1)/R;
z2=pi*DO[1]*L[1}/(R*KT);
z3=pi*L[1])/R;
z4=pi*L[1)/KT;
z5=pi*DO[2]*L[2)/R;
z6=pi*DO[2]*L[2)/(R*kT);
Z7=pi*L[2)/R;
z8=pi*L[2)/kT;
z9=pi*DO[3]*L[3)/R;
z10=pi*DO[3]*L[3)/(R*kT);
z11=pi*L[3}/R;
z12=pi*L[3)/KT;
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wt=w*ta;
kP=kF/(eta*c);

/ *

The following statement specifies the name for
the generated file

*/

mus = fopen("mod25”,"w");

/#
The following section generates the objective function
*/

fprintf(mus, "MODEL\n");
fprintf(mus, *min=Z;\n");

/¥
This section generates production time constraints
*/

for i=1;i<=P;i++)
{
for =1;j < =Jk-2;j++)

for (k=1;k< =Q-2;k++)

{

fprintf(mus, " (% f*v%d %d %d"(-1)*f%d%d%d*(-1) + % *v%d %d %d* %f\n",
zl,i,j,k,i,j,k,z2,i,j,k,alpha);

fprintf(mus, "*f%d %d %d* % *d %d %d %d* % * %) *x%d%d %d+",
i,j,k,beta,i,j, k,gammaT,tr,i,j,k);

fprintf(mus, "(% £*(%f-2*d %d %d %d)\n",z3,D0[k],i,j,k);

}

}

for =2;j < =Jk-1;j++)
for (k=1;k< =Q-2;k++)

{
fprintf(mus,"*v%d%d%d*(-1)*f%d %d %d*(-1)",i,j,k,i,j,k);

}
}

for j=1;j < =Jk-2;j++)
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{
for k=1;k<=Q-2;k++)

{
fprintf(mus, " + % £*10°(-3)*(%f-2*d %d %d %d)\n",z4,DO{K],i,j,k);

}
}

for =2;j < =Jk-1;j++)
for (k=1;k<=Q-2;k++)

{
fprintf(mus, " *v%d %d %d* % f*f%d %d%d" % *d %d %d %d* % *%f)*x %d%d %d\n",

i,j,k,alpha,i,j,k,beta,i,j, k,gammaT,tr,i,j,k);
}}
for =1;j < =Jk-2;j++)
for (k=1;k<=Q-2;k++)

{
fprintf(mus, " +(% f*(%f-2*d %d %d %d",z3,D0[k],i,j,k);

}
}

for =2;j< =Jk-1;j++)
for (k=1;k<=Q-2;k++)

{
fprintf(mus, "-2*d % d%d %d)",i,j,k);

}
}

for =3;j<=Jk;j++)
for (k=1;k< =Q-2;k++)

{
fprintf(mus, " *v%d %d %d*(-1)*f%d %d %d*(-1) + %*10*(-3)\n",
i,j,k.i,j,k,z4);

}
}
for j=1Lj<=Jk-2;j++)
{
for k=1;k<=Q-2;k++)
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{
fprintf(mus, **(%f-2*d%d %d %d",DO[k],i,j,k);

}
}

for =2;j < =Jk-1;j++)

for (k=1;k< =Q-2;k++)

{
fprintf(mus, *-2*d%d %d %d)",i,j,k);

}
}

for (j=3;j < =Jk;j++)
{

for (k=1;k<=Q-2;k++)

{

fprintf(mus, " *v%d%d %d"* %f\n",i,j,k,alpha);

fprintf(mus, " *f%d%d %d* % *d %d %d %d" % f*(%f+ %fly%d%d %d))*x %d %d %d\n",
i,j,k,beta,i,j, k,gammaT,tr,wt,i,j,k,i,j,k);

}

}
for =1;j < =Jk-2;j++)

for (k=2;k< =Q-1;k++)

{
fprintf(mus, " +(%f*v%d%d %d"(-1)*f%d %d %d"(-1) + % *vH%d%d %d*~ %f\n",

25,1,j,k,i,j,k,z6,i,j,k,alpha);

fprintf(mus, "*f%d %d %d" % f*d %d%d %d" % * %) *x %d%d %d+",
i,j,k,beta,i,j,k,gammaT,tr,i,j,k);

fprintf(mus, " (% f*(%f-2*d%d %d %d)\n",z7,D0[k],i,j,k);

}

}
for =2;j < =Jk-1;j++)
for (k=2;k< =Q-1;k++)

{
fprintf(mus, "*v%d%d %d"(-1)*f%d %d %d"(-1)",i,j,k.i,j,k);

}
}

for j=1;j < =Jk-2;j+ +)

180



{
for (k=2;k<=Q-1;k++)

{
fprintf(mus, " + %*10"(-3)*(%f-2*d%d %d %d)\n" ,z8,D0[k],i,j,k);

}
}

for =2;j <=Jk-1;j++)
for (k=2;k<=Q-1;k++)

{
fprintf(mus,"*v%d%d %d* % *f%d %d%d" % *d %d %d %d" % *%f)*x %d%d %d\n",

i,j,k,alpha,i,j, k,beta,i,j,k,gammaT,tr,i,j,k);
}}
for G=1;j < =Jk-2;j++)
for (k=2;k<=Q-1;k++)

{
fprintf(mus, " +(% f*(%f-2*d %d%d %d",z7,D0[k],i.j,k);

}
for =2;j < =Jk-1;j++)
{
for (k=2;k<=Q-1;k+ +)

{
fprintf(mus, "-2*d%d%d %d)",i,j,k);

}
}

for =3;j<=Jk;j++)
for (k=2;k<=Q-1;k++)
{
fprintf(mus,"*v%d %d %d*(-1)*f%d %d %d*(-1) + % £*10*(-3)\n",
ij,k,1,j,k,z8);
}
}
for =1;j<=Jk-2;j++)

{
for (k=2;k<=Q-1;k++)
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{
fprintf(mus, " *(%f-2*d %d %d %d",DO[k],i,j,k);

}
}

for (=2 < =Jk-1;j++)

for (k=2;k<=Q-1;k++)

{
fprintf(mus,"-2*d %d %d %d)",i,j,k);

}
}

for (=3;j < =Jk;j++)

for k=2;k<=Q-1;k++)

{

fprintf(mus,"*v%d%d %d* %f\n",i,j,k,alpha);

fprintf(mus, " *f%d %d %d* % f*d %d %d % d* % f*(%f+ %f/y%d%d%d))*x%d %d%d\n",
i,j,k,beta,i,j,k,gammaT,tr,wt,i,j,k,i,j,k);

}

}
for (j=1;j < =Jk-2;j+ +)

for (k=3;k<=Q;k++)

{
fprintf(mus, " +(%f*v%d%d %d*(-1)*(%d%d%d*(-1)+ Hf*v%d%d%d"“ %f\n",

29,i,j,k,i,j,k,z10,i,j,k,alpha);
fprintf(mus, " *f%d%d %d* % f*d %d%d %d* % *% ) *x%d %d%d +",
i,j,k,beta,i,j,k,gammaT,tr,i,j,k);
fprintf(mus, "(% f*(%f-2*d%d %d %d)\n",z11,D0fk],i.j,k);

}

}

for =2;j < =Jk-1;j++)
for (k=3;k<=Q;k++)

{
fprintf(mus, "*v%d %d %d"(- 1) Bd%d %d"(-1)",ij,k,i,j,K);

}
}

for =1;j<=Jk-2;j ++)
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{
for (k=3;k< =Q;k++)

{
fprintf(mus, " + %£*10*(-3)*(%f-2*d %d %d %d)\n",z12,DO[k],i,j,k);

}
}

for j=2;j<=Jk-1;j++)
for (k=3;k<=Q;k++)

{
fprintf(mus,"*v%d %d %d* H*f%d%d%d" % *d %d%d %d* % *%f)*x %d%d %d\n",

i,j,k,alpha,i,j,k,beta,i,j,k,gammaT,tr,i,j,k);
}}
for j=1;j<=Jk-2;j++)
for (k=3;k< =Q;k++)

{
fprintf(mus, " +(%*(%f-2*d%d %d %d",z11,DO[K),i,j,k);

}
for =2;j< =Jk-1;j+ +)
for (k=3;k< =Q;k++)

{
fprintf(mus,*-2*d%d%d %d)" i.j,k);

}
}

for (j=3;j<=Jk;j++)
for (k=3;k< =Q;k++)
{
fprintf(mus,"*v%d%d %d*(-1)*f%d %d %d*(-1)+ % £*10*(-3)\n",
i,j,k,1,j,k,z12);
}
}
for j=1;j <=Jk-2;j++)
for (k=3;k< =Q;k++)
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{
fprintf(mus, " *(%f-2*d%d %d %d",DO[k],i,j,k);
}

}
for (j=2;j < =Jk-1;j++)

for (k=3;k<=Q;k++)
{
fprintf(mus, "-2*d%d %d %d)",i,j,k);
}

}

for =3;j<=Jk;j++)

for (k=3;k<=Q;k++)
{
fprintf(mus, "*v%d %d%d" %f\n" i,j,k,alpha);
fprintf(mus,"*f%d %d %d* % *d%d %d %d" % (% f+ %f/y%d%d %d))",
i,j,k,beta,i,j,k,gammaT,tr,wt,i,j,k.i,j,k,i);
fprintf(mus, "*x%d%d%d < =Z;\n",i,j,k);
}
}
}

/ *

This section generates cutting speed, feed rate, cutting
force and cutting power constraints

*/

for i=1;i<=P;i++)

{
for j=1;j< =Jk;j++)

for (k=1;k<=Q;k++)

{

fprintf(mus, "v%d%d %d > = %f;\n",i,j,k,v_I{]);

fprintf(mus,"v%d%d%d < =%f;\n",i,j,k,v_u[j]);

fprintf(mus, "f%d%d%d > = %f;\n",i,j,k,f_1[jD);

fprintf(mus, "f%d%d %d < = %f;\n",i,j,k,f_ufj]);

fprintf(mus, " % *f%d%d %d* % *d%d%d%d* %f< = %f;\n",kF,i,j,k,betaF,
i,j,k,gammaF,Fc_u);

fprintf(mus, " %£*10*2*v%d %d %d*f%d %d %d* % *d %d %d %d* %f< = %*10*2;\n"
kP,i,j,k,i,j,k,betaF,i,j,k,gammaF,Pc_u);
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}
}
}

/ *
This section generates depth of cut constraints
*/

for (i=1;i<=P;i++)
{
for (j=1;j < =Jk;j++)
{

for (k=1;k<=Q;k++)

{
if ((==k) && (j==Jk))
fprintf(mus,"d%d%d%d > = %f;\n",i,j,k,d_I{j]);
fprintf(mus,"d%d%d%d < = %f;\n",i,j,k,d_u[j]);
}
}
}

/ *
This section generates the sum of depth of cut constraints
*/

for (i=1;i<=P-1;i++)

{
for G=1;j<=Ik;j++)

for (k=1;k<=Q-2;k++)

{
fprintf(mus,"d%d%d %d+",i,j,k);

}

}
}

for (i=3;i< =P;i++)
{
for (=1;j<=Jk-1;j++)
for (k=1;k<=Q-2;k++)

fprintf(mus, "d%d %d%d+",i.j,k);
}
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}
}

for i=3;i<=P;i++)

{
for =3;j< =Jkij++)

for (k=1;k< =Q-2;k++)

{
fprintf(mus, "d%d %d%d=%f;\n"i,j,k,dtotal[k]);
}

}
}

for (i=1l;i<=P-l;i++)

{
for =1;j<=Jk;j++)

for (k=2;k< =Q-1;k++)
{
fprintf(mus,"d %d %d %d+",i,j,k);
}
}
}

for (i=3;i< =P;i+ +)

{
for j=Lj< =Jk-1;j++)

for k=2;k<=Q-1;k++)

{
fprintf(mus, "d%d%d %d+"i,j,k);

}

}
}

for (i=3;i<=P;i++)

{

for =3;j<=Jk;j++)
for (k=2;k<=Q-1;k++)
{

fprintf(mus,"d %d %d %d = %f;\n",i,j, k,dtotal[k]);
}
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}
}

for (i=1;i<=P-l;i++)

{
for =1;j< =Ik;j++)

for (k=3;k<=Q;k++)

fprintf(mus, "d%d%d%d+",i.j,k);
}

}
}

for (i=3;i<=P;i++)
{
for j=1;j<=Jk-1;j++)

for (k=3;k<=Q;k++)
{
fprintf(mus,"d%d%d %d +",i,j,k);
}
}
}

for (i=3;i<=Pji++)

{
for (=3;j<=Jk;j++)

for (k=3;k<=Q;k++)
{
fprintf(mus,"d%d%d %d = %f;\n",i,j,k,dtotal[k]);
}
}
}

for (i=1;i< =P-1;i++)

{
for j=1;j<=Jk;j++)

for (k=1;k<=Q-2;k++)

{
fprintf(mus,"d%d%d %d*x %d %d %d +",i,j,k,i,j,k);

}
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}
}

for (i=3;i<=P;i++)
{
for =1;j < =Jk-1;j++)

for (k=1;k<=Q-2;k++)
{
fprintf(mus,"d %d%d %d*x%d %d %d+",i,j,k,i,j,k);
}
}
}

for (i=3;i<=P;i++)

{
for G=3;j< =Jk;j++)

for k=1;k<=Q-2;k++)
{
fprintf(mus, "d %d%d %d*x %d %d %d =% f;\n",i,j,k,i,j,k,dtotal[k]);
}
}
}

for (=Li<=P-L;i++)
{for G=Li<=lkj++)

{fOt (k=2;k<=Q-L;k++)
;{'printf(mus,"d%d%d%d*x%d%d%d+',iJ,k,i J,K);

}

}

for i=3;i<=P;i++)

{

for G=1;j<=Jk-1;j++)
{

for (k=2;k<=Q-1;k++)

fprintf(mus, "d%d%d%d*x $d%d %d+",i,j,k,i,j,k);
}
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}
}

for (i=3;i<=Pji++)
{
for (j=3;j < =Jk;j++)

for (k=2;k<=Q-1;k++)
{

fprintf(mus,"d%d %d %d*x %d %d %d = %f;\n",i,j,k,i,j, k,dtotal[k]);

}
}
}

for (i=1l;i<=P-1;i++)

{
for =1;j < =Jk;j++)

for (k=3;k<=Q;k++)

fprintf(mus,"d%d %d %d*x %d %d %d +",i,j,k,i,j,k);
}

}
}

for i=3;i< =Pji++)

{
for =1;j<=lk-1;j++)

for (k=3;k< =Q;k++)
{
fprintf(mus,"d%d %d %d*x %d %d %d +" i,j,k,i,j,k);
}
}
}

for (i=3;i<=P;i++)
{
for (=3;j<=Jk;j++)

for (k=3;k<=Q;k++)
{

fprintf(mus,"d%d %d%d*x %d %d %d = %f;\n" i,j,k,i,j,k,dtotal[k]);

}
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}
}

/ *

This section generates the constraints such that each
operation is processed by only one machine

*/

for (i=1;i<=P-1;i++)
{
for (j=13j< =Jk-2;j+ +)
for (k=1;k<=Q-2;k++)

fprintf(mus,"x%d %d %d +",i,j,k);

}
}
}
for (i=3;i<=P;i++)
{
for j=1;j < =Jk-2;j++)
{

for (k=1;k<=Q-2;k++)

fprintf(mus, "x %d%d %d =1;\n" i, j,k);
}

}
}

for i=1;i<=P-l;i++)

{
for =2;j < =Jk-1;j++)

for (k=1;k< =Q-2;k++)
{

fprintf(mus,"x%d %d %d+",i,j,k);
}

}
}

for (i=3;i<=P;i++)
{
for (j=2;j < =Jk-1;j++)
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{
for (k=1;k<=Q-2;k++)
{
fprintf(mus,"x%d%d %d=1;\n",i,j,k);
}
}
}

for (i=1;i<=P-l;i++)

{
for (j=3;j < =Jk;j++)

for (k=1;k<=Q-2;k++)
{
fprintf(mus,"x%d%d %d +",i,j,k);
}
}
}

for (i=3;i< =P;i++)

{
for (=3;j <=Jk;j++)

for (k=1;k<=Q-2;k++)
{
fprintf(mus,"x%d%d %d=1;\n",i,j,k);
}
}
}

for (i=1;i<=P-1;i++)

{
for =1;j < =Jk-2;j++)

{
for (k=2;k<=Q-1;k++)
{
fprintf(mus,"x%d%d%d+",i,j,k);
}
}
}

for (=3;i<=P;i++)

{
for (j=1;j < =Jk-2;j++)
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{
for (k=2;k< =Q-1;k++)
{

fprintf(mus,"x%d%d%d=1;\n",i,j,k);
}

}

}

for i=1;i< =P-l;i++)

{
for G=2;j < =Tk-1;j++)

for (k=2;k<=Q-1;k++)
{
fprintf(mus, "x %d%d%d+" i,j,k);
}
}
}

for (i=3;i< =P;i++)

{
for =2;j < =Jk-1;j++)

for (k=2;k<=Q-1;k++)
{
fprintf(mus,"x%d%d%d=1;\n",i,j,k);
}
}
}

for i=1;i<=P-1;i++)

{
for =3;j<=Jk;j++)

for (k=2;k<=Q-1;k++)
{
fprintf(mus,"x%d%d%d+",i,j,k);
}
}
}

for i=3;i<=P;i++)
{
for =3;j < =Jk;j+ +)
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{
for (k=2;k<=Q-1;k++)

{

fprintf(mus,"x%d%d%d=1;\n",i,j,k);

}
}
}

for (i=1;i<=P-L;i++)

{
for G=1;j < =Jk-2;j++)

for (k=3;k<=Q;k++)

fprintf(mus,"x%d%d %d+",i,j,k);
}

}
}

for (i=3;i< =Pji++)
{
for (j=1;j < =Jk-2;j++)

{
for (k=3;k<=Q;k++)
{

fprintf(mus,"x%d%d %d=1;\n",i,j,k);

}
}
}

for (i=1;i< =P-1;i++)

{
for (j=2;j < =Jk-1;j++)

for (k=3;k<=Q;k++)
{
fprintf(mus, "x%d%d %d+",i,j,k);
}
}
}

for i=3;i<=P;i++)

for (=2 < =Jk-L;j++)
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{
for (k=3;k<=Q;k++)

{
fprintf(mus,"x%d%d%d=1;\n",i,j,k);
}
}
}

for i=1;i<=P-1;i++)

{
for j=3;j < =Jk;j++)

for (k=3;k<=Qk++)
{
fprintf(mus,"x%d%d%d+",i,j,k);
}

}

}

for i=3;i<=P;i++)
{
for (=3;j < =Jk;j++)

for (k=3;k< =Q;k++)
{
fprintf(mus, "x%d %d %d =1;\n",i,j,k);
}
}
}

/#

This section generates the constraints such that the last pass of each feature is
always selected and each machine should perform at least one pass

*/

for (i=1;i< =P;i++)

{
for G=1;j< =Jk;j++)

for (k=1;k< =Q;k++)

{

if ((i==k) && (j==Jk))
fprintf(mus,"x%d%d%d=1;\n",i,j,k);
}
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}
}

/*
This section generates dimension deviation constraints
*/

for (i=1;i<=P;ji++)

{
for =3;j<=Jk;j++)

for (k=1;k<=Q;k++)

fprintf(mus, "y %d%d %d > =0;\n",i,j,k);
fprintf(mus,"y%d%d %d < = %f;\n",i,j,k,delta[k]);
}
}
}

/*
This section generates surface finish constraints
*/
for (i=l;i<=P;i++)
{
for =3;j < =Jk;j++)
for (k=1k<=Q;k++)

fprintf(mus,” % f*v%d%d%d* % %d%dBd* % *d%dBd Hd“ Bf< = %f:\n" kS,
i,j,k,alphaS, i,j,k,beta$, i,j,k,gammaS,SF_u[k]);

}
}

fprintf(mus,"END\n");
fprintf(mus,"BAT\n");
return Q;

}
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Appendix J

LINGO-format-input for the example problem of Model 2.5

MODEL

min=2Z;

(141.371552*v111*(-1)*f111*(-1)+0.000090*v111“0.700000
*£111°0.550000*%d111*1.220000*0.500000)*x111+4-(0.942477%(150.000000-2*d11 1)
*v121%(-1)*f121*(-1)+0.000600*10*(-3)*(150.000000-2*d111)
*v12170.700000*£121*0.550000*d 1211.220000*0.500000)*x 121
+(0.942477%(150.000000-2*d111-2*d121)*v131*(-1)*f131*(-1) +0.000600*10*(-3)
*(150.000000-2*d111-2*d121)*v131“0.700000

*£13170.550000*d 131*1.220000*(0.500000+0.020000/y131))*x131
+(43.982262*v112*(-1)*f112*(-1)+0.000028*v1 12*0.700000 .
*f11270.550000*d112*1.220000%0.500000)*x 112 +(0.314159*(140.000000-2*d112)
*v122°(-1)*£122*(-1) +0.000200*10"(-3)*(140.000000-2*d112)
*v122%0.700000*£122*0.550000*d 122*1.220000*0.500000)*x 122
+(0.314159*(140.000000-2*d112-2*d122)*v132*(-1)*f132*(-1) +0.000200*10"(-3)
*(140.000000-2*d112-2*d122)*v132°0.700000

*£13270.550000*d 132*1.220000*(0.500000+0.020000/y132))*x132
+(65.973389*v113*(-1)*f113*(-1) +0.000042*v 1 13*0. 700000
*f113"0.550000*d113*1.220000*0.500000)*x 1 13 +(0.471238*(140.000000-2*d113)
*v123%(-1)*f123*(-1)+0.000300*10*(-3)*(140.000000-2*d113)
*v123%0.700000*£1230.550000*d123*1.220000*0.500000)*x 123
+(0.471238*(140.000000-2*d113-2*d123)*v133“(-1)*f133*(-1) +0.000300*10*(-3)
*(140.000000-2*d113-2*d123)*v1330.700000
*£133%0.550000*d1331.220000*(0.500000+0.020000/y133))*x133 < =Z;
(141.371552*v211*(-1)*f211*(-1) +0.000090*v211“0. 700000
*21170.550000*d211*1.220000*0.500000)*x211 +(0.942477*(150.000000-2*d211)
*v221°(-1)*£221*(-1)+0.000600*10*(-3)*(150.000000-2*d211)
*v221°0.700000*£2210.550000*d221*1.220000*0.500000)*x221
+(0.942477%(150.000000-2*d211-2*d221)*v231(-1)*f231*(-1) +0.000600*10*(-3)
*(150.000000-2*d211-2*d221)*v231°0.700000
*231°0.550000*d2311.220000*(0.500000+0.020000/y231)) *x231
+(43.982262*v212*(-1)*f212*(-1) +0.000028*v212*0.700000
*21270.550000*d212*1.220000*0.500000)*x212 +(0.314159*(140.000000-2*d212)
*v222°(-1)*f222*(-1)+0.000200*10"(-3)*(140.000000-2*d212)
*v222°0.700000%£2220.550000*d222*1.220000*0. 500000) *x222
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+(0.314159%(140.000000-2*d212-2*d222) *v232"(-1)*£232*(-1) +0.000200*10*(-3)
*(140.000000-2*d212-2*d222)*v232“0.700000
*£232°0.550000*d232*1.220000%(0.500000+0.020000/y232))*x232
+(65.973389*v213%(-1)*f213*(-1) +0.000042*v213“0.700000
*£213"0.550000*d213*1.220000*0.500000)*x213 +(0.471238*(140.000000-2*d213)
*v223%(-1)*£223%(-1)+0.000300*10"(-3)*(140.000000-2*d213)
*v223"0.700000*£223*0.550000*d2231.220000*0.500000) *x223
+(0.471238%(140.000000-2*d213-2*d223)*v233(-1)*£233(-1) +0.000300*10*(-3)
*(140.000000-2*d213-2*d223)*v233“0.700000
*£233°0.550000*d233*1.220000*(0.500000+0.020000/y233))*x233 < =Z;
(141.371552*v311%(-1)*f311*(-1) +0.000090*v3110.700000
*£311°0.550000*d311~1.220000*0.500000)*x311 +(0.942477*(150.000000-2*d311)
*v321°(-1)*f321*(-1) +0.000600*10*(-3)*(150.000000-2*d311)
*v321°0.700000*321*0.550000*d3211.220000*0.500000)*x321
+(0.942477*(150.000000-2*d311-2*d321)*v331*(-1)*f331~(-1) +0.000600*10*(-3)
*(150.000000-2*d311-2*d321)*v331°0.700000
*£331°0.550000*d3311.220000*(0.500000+0.020000/y331))*x331
+(43.982262*v312*(-1)*f312*(-1) +0.000028*v3120.700000
*£312°0.550000*d312*1.220000*0.500000)*x312 +(0.314159*(140.000000-2*d312)
*v322%(-1)*£322*(-1)+0.000200*10"(-3)*(140.000000-2*d312)
*v322°0.700000*£322*0.550000*d322*1.220000*0.500000) *x322
+(0.314159*(140.000000-2*d312-2*d322)*v332*(-1)*f332*(-1) +0.000200*10*(-3)
*(140.000000-2*d312-2*d322)*v332“0.700000
*£332%0.550000*d3321.220000*(0.500000+0.020000/y332))*x332
+(65.973389*v313%(-1)*f313*(-1) +0.000042*v313*0.700000
*{313°0.550000*d313*1.220000*0.500000)*x313+(0.471238*(140.000000-2*d313) -
*v3237(-1)*£323"(-1) +0.000300*10*(-3)*(140.000000-2*d313)
*v323%0.700000*£323*0.550000*d323*1.220000*0.500000) *x323
+(0.471238*(140.000000-2*d313-2*d323)*v333*(-1)*f333*(-1) +0.000300*10~(-3)
*(140.000000-2*d313-2*d323)*v333“0.700000
*{3330.550000*d3331.220000*(0.500000+0.020000/y333))*x333 < =Z;

vl11> =90.000000;

vl11 < =120.000000;

f111> =0.800000;

f111 < =2.000000;

1.380000*f1111.180000*d111°1.260000 < =20.000000;
0.000282*10*2*v111*f111*1.180000*d111*1.260000 < =2.000000%10"2;

v112> =90.000000;

v112 < =120.000000;

f112 > =0.800000;

f112 < =2.000000;

1.380000*£112*1.180000*d112*1.260000 < =20.000000;
0.000282*10"2*v112*£112*1.180000*d112*1.260000 < =2.000000*10*2;

v113> =90.000000;
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v113 < =120.000000;

f113 > =0.800000;

f113 < =2.000000;

1.380000*f113*1.180000*d113*1.260000 < =20.000000;
0.000282*10"2*v113*f113*1.180000*d113*1.260000 < =2.000000*10*2;
v121 > =90.000000;

vi21 < =120.000000;

f121 > =0.800000;

f121 < =2.000000;

1.380000*£121*1.180000*d1211.260000 < =20.000000;
0.000282*10"2*v121*£121*1.180000*d121°1.260000 < =2.000000*10*2;
v122 > =90.000000;

v122 < =120.000000;

f122 > =0.800000;

f122 < =2.000000;

1.380000%£122*1.180000*d122*1.260000 < =20.000000;
0.000282*10"2*v122*£122*1.180000*d122°1.260000 < =2.000000*10"2;
v123 > =90.000000;

v123 < =120.000000;

f123 > =0.800000;

f123 < =2.000000;

1.380000*£123"1.180000*d1231.260000 < =20.000000;
0.000282*10"2*v123*£123*1.180000*d123*1.260000 < =2.000000*10*2;
v131> =168.000000;

v131 < =210.000000;

f131> =0.130000;

f131 < =0.500000;

1.380000*f131*1.180000*d131*1.260000 < =20.000000;
0.000282*10%2*v131*f131*1.180000*d1311.260000 < =2.000000*102;
v132> =168.000000;

v132 < =210.000000;

£132 > =0.130000;

f132 < =0.500000;

1.380000%£132°1.180000*d132*1.260000 < =20.000000;
0.000282*10"2*v132*£132*1.180000*d 1321.260000 < =2.000000*102;
v133 > =168.000000;

v133 < =210.000000;

f133> =0.130000;

f133 < =0.500000;

1.380000*f133*1.180000*d1331.260000 < =20.000000;
0.000282*10"2*v133*f1331.180000*d133*1.260000 < =2.000000*102;
v211> =90.000000;

v211 < =120.000000;

211 > =0.800000;
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211 < =2.000000;
1.380000*£211*1.180000*d211*1.260000 < =20.000000;
0.000282*10°2*v211*f211*1.180000*d211*1.260000 < =2.000000*10"2;
v212 > =90.000000;

v212 < =120.000000;

212> =0.800000;

212 < =2.000000;

1.380000*f212*1.180000*d212*1.260000 < =20.000000;
0.000282*102*v212*£212*1.180000*d2121.260000 < =2.000000*10"2;
v213> =90.000000;

v213 < =120.000000;

213 > =0.800000;

213 < =2.000000;

1.380000*£213*1.180000*d213*1.260000 < =20.000000;
0.000282*10"2*v213*£213*1.180000*d213*1.260000 < =2.000000*102;
v221> =90.000000;

v221 < =120.000000;

221> =0.800000;

221 < =2.000000;

1.380000*£221*1.180000*d221*1.260000 < =20.000000;
0.000282*10"2*v221*221*1.180000*d2211.260000 < =2.000000*10"2;
v222 > =90.000000;

v222 < =120.000000;

222 > =0.800000;

222 < =2.000000;

1.380000*£222*1.180000*d222*1.260000 < =20.000000;
0.000282*10"2*v222*222*1.180000*d222"1.260000 < =2.000000*10"2;
v223 > =90.000000;

v223 < =120.000000;

223 > =0.800000;

223 < =2.000000;

1.380000*£223*1.180000*d223*1.260000 < =20.000000;
0.000282*10"2*v223*£223*1.180000*d223*1.260000 < =2.000000*10*2;
v231> =168.000000;

v231 < =210.000000;

231> =0.130000;

231 < =0.500000;

1.380000%£231"1.180000*d231*1.260000 < =20.000000;
0.000282*10"2*v231*231*1.180000*d2311.260000 < =2.000000*10*2;
v232 > =168.000000;

v232 < =210.000000;

232 > =0.130000;

232 < =0.500000;

1.380000%232*1.180000*d232*1.260000 < =20.000000;
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0.000282*10"2*v232*f232*1.180000%d232*1.260000 < =2.000000*10"2;
v233> =168.000000;

v233 < =210.000000;

233 > =0.130000;

233 < =0.500000;

1.380000*f233*1.180000*d233*1.260000 < =20.000000;
0.000282*10"2*v233*£233*1.180000*d2331.260000 < =2.000000*10*2;
v311> =90.000000;

v311 < =120.000000;

311> =0.800000;

311 < =2.000000;

1.380000*f311~1.180000*d3111.260000 < =20.000000;
0.000282*10"2*v311*f311*1.180000*d3111.260000 < =2.000000*10*2;
v312> =90.000000;

v312 < =120.000000;

£312 > =0.800000;

312 < =2.000000;

1.380000%f312*1.180000*d312*1.260000 < =20.000000;
0.000282*10"2*v312*312*1.180000*d312*1.260000 < =2.000000*10"2;
v313 > =90.000000;

v313 < =120.000000;

313 > =0.800000;

313 < =2.000000;

1.380000*£313*1.180000*d313*1.260000 < =20.000000;
0.000282*10"2*v313*£313*1.180000*d313*1.260000 < =2.000000*10"2;
v321 > =90.000000;

v321 < =120.000000;

321 > =0.800000;

321 < =2.000000;

1.380000*£321*1.180000*d321*1.260000 < =20.000000;
0.000282*10"2*v321*f321*1.180000*d321*1.260000 < =2.000000*102;
v322 > =90.000000;

v322 < =120.000000;

£322 > =0.800000;

322 < =2.000000;

1.380000*£322*1.180000*d322*1.260000 < =20.000000;
0.000282*10"2*v322*322*1.180000*d322*1.260000 < =2.000000*10“2;
v323 > =90.000000;

v323 < =120.000000;

£323 > =0.800000;

£323 < =2.000000;

1.380000*£323*1.180000*d323*1.260000 < =20.000000;
0.000282*10"2*v323*£323*1. 180000*d3231.260000 < =2.000000*10*2;
v331> =168.000000;
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v331 < =210.000000;

331> =0.130000;

331 < =0.500000;
1.380000*3311.180000*d331*1.260000 < =20.000000;
0.000282*10"2*v331*£331*1.180000*d331°1.260000 < =2.000000*10"2;
v332 > =168.000000;

v332 < =210.000000;

£332 > =0.130000;

332 < =0.500000;
1.380000*£332*1.180000*d332*1.260000 < =20.000000;
0.000282*10"2*v332*f332"1.180000*d332°1.260000 < =2.000000*10*2;
v333 > =168.000000;

v333 < =210.000000;

£333 > =0.130000;

£333 < =0.500000;
1.380000*£333*1.180000*d333*1.260000 < =20.000000;
0.000282*10*2*v333*333*1.180000*d333*1.260000 < =2.000000*10"2;
d111 < =5.000000;

d112 < =5.000000;

d113 < =5.000000;

d121 < =5.000000;

d122 < =5.000000;

d123 < =5.000000;

d131 > =0.300000;

d131 < =1.000000;

d132 < =1.000000;

d133 < =1.000000;

d211 < =5.000000;

d212 < =5.000000;

d213 < =5.000000;

d221 < =5.000000;

d222 < =5.000000;

d223 < =5.000000;

d231 < =1.000000;

d232 > =0.300000;

d232 < =1.000000;

d233 < =1.000000;

d311 < =5.000000;

d312 < =5.000000;

d313 < =5.000000;

d321 < =5.000000;

d322 < =5.000000;

d323 < =5.000000;

d331 < =1.000000;
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d332 < =1.000000
d333 > =0.300000;
d333 < =1.000000
dl11+d121+d131+d211+d221+d231+d311+d321+d331=5.000000;
d112+d122+d132+d212+d222 +d232+d312+d322 +d332=8.000000;
d113+d123+d133+d213+d223+d233+d313+d323+d333=10.000000;
dl11*x111+4+d121*x121+d131*x131+d211*x211+d221*x221 +d231*x231+
d311*x311+d321*x321+d331*x331=5.000000;
d112*x112+d122*x122+d132*x132+d212*x212+d222*x222 +d232*x232+
d312*x312+d322*x322+d332*x332=8.000000;
d113*x113+d123*x123+d133*x133 +d213*x213+d223*x223 +d233*x233+
d313*x313+d323*x323 +d333*x333=10.000000;

x1114+x2114+x311=1;

x121+x221+x321=1;

x131+x2314+x331=1;

x112+x212+x312=1;

x122+x222+x322=1;

x132+x232+x332=1;

x113+x213+x313=1;

x123+x223+x323=1;

x133+x233+x333=1;

x131=1;

x232=1;

x333=1;

yl131> =0;

y131 < =0.065900;

yl32> =0;

y132 < =0.065900;

y133> =0;

y133 < =0.065900;

y231> =0;

y231 < =0.065900;

y232> =0;

y232 < =0.065900;

y233> =0;

y233 < =0.065900;

y331> =0;

y331 < =0.065900;

y332> =0;

y332 < =0.065900;

y333> =0;

y333 < =0.065900;
1.170000*v131*-0.250000*1310.720000*d1310.230000 < = 1.600000;
1.170000*v132*-0.250000*£132*0.720000*d1320.230000 < =1.600000;

- - e

- e
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1.170000*v133-0.250000*£133“0.720000*d 1330.230000 < = 1.600000;
1.170000*v231*-0.250000%f231“0.720000*d2310.230000 < =1.600000;
1.170000*v232"-0.250000*f232*0.720000*d232"0.230000 < = 1.600000;
1.170000*v233-0.250000*233“0.720000*d2330.230000 < = 1.600000;
1.170000*v331°-0.250000*£331“0.720000*d3310.230000 < =1.600000;
1.170000*v332-0.250000*£332“0.720000*d3320.230000 < = 1.600000;
1.170000*v333-0.250000*3330.720000*d333“0.230000 < = 1.600000;
END

BAT
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