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ABSTRACT

JOINT LOT SIZING AND TOOL MANAGEMENT IN A
SINGLE CNC ENVIRONMENT

Siraceddin ONEN
M.S. in Industrial Engineering
Supervisor: Assist. Prof. M. Selim Aktiirk
October, 1996

In most of the studies on tool management, lot sizes are taken as
predetermined input while deciding on tool allocations and machining
parameters. In this study, we considered the integration of lot sizing and
tool management problems for single and multi period cases. For the single
period case, we proposed a new algorithm. By this algorithm we not only
nmproved the overall solution by exploiting interactions, but also prevented
any infeasibility that might occur for the tool management problem duc to
the decisions made at the lot sizing level. The computational experiments
showed that in a set of randomly generated problems 22.5% of solutions found
by a traditional approach were infeasible and the proposed joint approach
improved the overall solution by 6.8%. [or the multi period case, we proposed
five new algorithms. Among these algorithms, the most promising one was
the Look Ahead-LUC algorithm, which improved the overall solution on the
average by 6.5% compared to the best known algorithm, Wagner-Whitin, used

in traditional approach, over a set of randomly generated problems.

Key words: Flexible Manufacturing Systems, Lot Sizing, Tool Management
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OZET

BILGISAYAR KONTROLLU IMALAT SISTEMLERINDE
KAFILE BUYUKLUGU VE KESICI UC ISLETIMI
PROBLEMLERININ ENIYILEMESI

Siraceddin ONEN
Endustri Mihendisligi Bolimi Yiksek Lisans
Tez Yoneticisi: Yard. Dog¢. Dr. M. Selim Akturk
Ekim, 1996

Kesici ug igletimi ile ilgili yapilmig pek ¢ok calismada, kesici u¢ dagilim
ve tretim sartlart belirlenirken kafile bayiklikleri onceden belirlenimis sabit
degerler olarak alinmuglardir.  Bu c¢aligmada tek veya ok donem lretim
durumlarinda kafile hiyukligi ve kesici ug¢ igletimi problemlerinin birada
eniyilenmesi amaglanmugtir. Tek dénem modelinin ¢ézami i¢in onerdigimiz
veni metodu farkli sartlar gozoninde bulundurularak tdretilen bir kime
problem iizerinde test ettik. Bu metot ile klasik yaklagimda %22.5 olan
olursuzlugu onlemekle kalmayip, ortalama %6.8 lik bir maliyet indirimi
gergeklestivdik.  Gok donem modelinin ¢éziimi igin ise beg farkh ¢6ziim
metodu énerdik.  Onerdigimiz ¢6zim metotlarin farkli sartlar gozoninde
bulundurularak tretilmis bir kitme problem tzerinde test ettik. 611(~:1'(1i§i151’1i%
cosiim metotlarr arasinda ozellikle ikincisi ¢ozim siiresi ve ortalama maliyet
indirimi gibi performans olgitleri dikkate alindiginda en iyi metot olarak goze
carpmaktadir. Bu metot ile klasik yaklagimda en iyi sonucu veren Wagner-
Whitin metoduna kiyasla %6.5’lik bir maliyet indirimi gerceklestirdik.

Anahtar sézcikler: Esnek Uretim Sistemleri, Kafile Buyukligi Belirlen-
mesi, Kesici Ug Tgletimi
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Chapter 1

Introduction

Many companies have realized that in order to compete in today’s world
market, they must rely on innovative developments in manufacturing tech-
nology. ‘To increase productivity, companies are applying computer controlled
machine tools, automated materials handling and storage systems. Due to
the progress in manufacturing technology and organization, the concept of
flexible manufacturing systems (FMSs) has emerged. 'MSs can be defined as
computer controlled production systems capable of processing a variety ol part

types. The main components of such a system are,

e Computer numerically controlled (CNC) machines including the tools to

operate these machines,
e An automated material handling system (MHS) to move the workpieces
through the system, and

e On line computer control to manage the entire 'MS, including CNC

machines and the MHS.

These systems may differ enormously in the extent of automation and the
diversity of the parts. An FMS is designed to achieve the efliciency of both

automated high volume mass production and flexibility of low volume job shop
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production. Due to the complex nature of I'MSs, the related production
management problems are also more complex than other manufacturing
systems. Therefore, the efficient operation of an FMS is a very difficult task,
and in many implementations the available capacity is underutilized. In view
ol the high initial cost of the FMSs, it is important to operate these systems
efficiently as much as possible in order to get expected benelits of flexibility

and eCoONnoInNy.

In FMSs tool related issues are the key factors for the overall system
performance due to their impact on both cost figures and the operational
considerations. The cutting tool utilization is important for the entire system
performance especially in metal cutting industries due to the high metal
removal rate in metal cutting processes, and the consequent increased tool

consumption rates and tool replacement frequencies.

In manufacturing industry, due to the complexity of the planning problem,
materials requirement planning (MRP) based systems are extensively used
for managing production. In such environments, the lot sizing and tool
management problems are solved independently. The lot sizing problem is
considered as a planning problem and is assumed to be solved at a higher level
in an organization than is the tool management problem, whereas the tool
management problem is considered a low level detailed decision problem that
should be solved after the lot sizing problem. Consequently, these two problems
arce solved independently in a two-level approach ignoring the interactions such
as production rates, tooling costs, tool and machine hour capacity constraints,
between these two levels. However, in a two-level approach determining lot
sizes prior to the tool management decisions may result in either suboptimal

or infeasible solutions.

In this study, we will consider the integration of lot sizing and tool
management problems on a single CNC turning machine and discuss the joint
problem for both single and multi period cases. After giving the mathematical
formulation of the problem, we will present some new algorithms to solve this

problem for both of the cases. All of the proposed algorithms will be tested
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on a set of randomly generated problems, and step-by-step execution of the

algorithms will be given on numerical examples.

The remainder of the thesis can be outlined as follows. In the next
chapter, we will give a short review of the literature on the lot sizing and
tool management problems including existing few studies on the integration of
these two problems. In Chapter 3, we will give the definition of the problem and
the underlying assumptions in addition to the notation used throughout the
thesis. In this chapter, we will concentrate on independent lot sizing and tool
management problems. In Chapters 4 and 5, the joint problem will be studied
[or single and multi period cases, respectively. In these chapters, we will give
the mathematical models as well as the algorithms and the computational
results of the experimental designs. Finally, in Chapter 6, some concluding

remarks and suggestions for future research are provided.



Chapter 2

Literature Review

I"lexible manufacturing systems (FMSs) typically contain a set of numerically
controlled workstations and a material handling system coordinated hy a
central controller for the purpose of simultaneous production of a variety of part
types. The FMS represents a significant investment in training, hardware and
software. This investment is justified by the ability of the system to produce
a variety of high quality parts with short lead times while requiring less floor
space than traditional systems [33]. An FFMS has the ability to produce a family
ol parts in a flexible way. To realize these potential benefits, careful attention
must be paid not only to design but also to planning of the system once it has
been installed. Since FMSs are usually a part of a multistage manufacturing
system, inputs and outputs are dictated by the master production plan. This
plan specifies availability dates for raw materials and components, and due
dates for finished products. The I'MS production planning problem consists
ol organizing production such as to satisfy the master production plan as well
as to obtain an efficient use of system resources (machines, pallets, fixtures,
tools etc.). In an FMS of reasonable size, this planning process is quite
complex. Again, it is helpful to decompose the problem into a set of smaller

and manageable subproblems [2].

There are critical tool management issues that affect the productivity

of many automated and flexible manufacturing systems. Manufacturers

4
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and machine tool suppliers recognize that a lack of attention to such tool
management issues is a primary reason for the poor performance of many
facilitics. Gray et al. [17] classily tool management issues into tool-level,
machine-level and system-level issues. The “tools” they are concerned with
are the cutting or shaping tools residing in an automated computer numerical
control (CNC) “machine” used to remove metal from castings. A “system” is an
integrated production facility with several automated machines and, perhaps,
automated handling of parts and tools. The classification of tool, machine and
system level issues allows one to portray how individual tool-related models
may fit into machine level models and how technological constraints dircctly

allect key operational decisions at all levels.

In the literature it is stated that approximately 50% of U.S. annual
expenditures on manufacturing is in the metal-working industry, and two-
thirds of metal-working is metal cutting. In addition 75% of the dollar volume
ol metal worked products is manufactured in batches of less than 50 parts
[31]. Besides being a critical issue in factory integration, tool management
has direct cost implications. Veeramani et al. [44] emphasized that the lack
of tooling considerations has resulted in the poor performance of automated
manufacturing systems. Kouvelis [25] identified cutting tool utilization as
an important parameter for the overall system performance. In this study,
the cost of tooling has been reported to be 25-30% ol the fixed and variable
cost of production. Manufacturing management publications have recently
paid considerable attention to the benefits of improving the integration of tool

management within total system design, planning, scheduling and confrol [17].

Most of the existing studies in the literature on tool management ignore
the lot sizing decision at system level and take it as a predetermined input
while deciding on tool allocations and machining parameters. Gray et al. [17]
pointed out that, efforts in tool management focus on single level decisions,
although a decision made at a higher level without considering its impact on
the lower levels can lead to either infeasible or inferior results. Lot sizing is
such a decision which is taken at system level ignoring its impact on lower

level tool allocation and machining conditions decisions. In most of the



CHAPTER 2. LITERATURE REVIEW 6

existing studies on tool management, lot sizes are taken as predetermined
input while deciding on tool allocations and machining parameters. In
an automated manufacturing environment operational problems such as
machining conditions, tool availability and tool life should be taken into
account for the reliable modeling of CNCs, or the absence of such crucial
constraints may lead to infeasible results. It has been shown in scveral
studies that significant cost savings can be realized by controlling production
rates (Cheng et al. [7], Jones and Inman [21], Silver [31], Strusevich [35]).
Consequently, total production cost can be decreased and any infeasibility due

to machine hour capacity limitation can be avoided.

For solving the tool allocation problem at the system level, most of the
published studies use 0-1 binary variables, i.c. a particular tool j is assigned
to operation 7, to represent tool requirements. Stecke [34] formulates the FMS
loading problem as a nonlinear mixed integer programming (MIP) problem and
solves it through linearization techniques. Sodhi et al. [33] propose a four level
hieravchy for production control of 'MSs, including part type selection and
loading, and present various models at each level. Sarin and Chen [30] give an
MIP formulation under the assumption that the total machining costs depend
upon the tool-machine combination. The tool life is considered as a constraint
in the formulation. Unfortunately, all of these studies assume constant lot
sizes, production rates as well as processing times. Furthermore, these studies
determine the tool requirements for each operation independently, and fail to

relate the contention among the operations for a limited number of tools.

At the machine level, there exist several studies paying attention to tooling
issues like tool selection, tool magazine loading and minimization of tool
switches due to a change in a part mix, at both the long term planning and
operational level (Bard and Feo [4], Crama et al. [8], Kouvelis [25], Tang and
Denardo [37]). Unfortunately, these studies also assume constant lot sizes,
processing times and tool lives, even though the tool replacement [requency
is directly related with the machining conditions selections. [Further, in the
multiple operation case, non-machining time components, such as the tool

replacements due to tool wear, can have a significant impact on the total cost
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of production and the throughput of parts as shown by Tetzlaff [38]. Gray
el al. [17] reported that tools are changed ten times more often due to tool
wear than to part mix because of the relatively short tool lives of many turning

tools.

The machining conditions optimization for a single operation is a well
known problem, where the decision variables are the cutting speed and feed
rate. Several models and solution methodologies have been developed in the
literature (Ermer [11], Gopalakrishnan and Al-Khayyal [14], Tan and Creese
[36] ). However, these models consider only the contribution of machining time
and tooling cost to the total cost of operation, usually ignoring the contribution
of non-machining time components to the operating cost, which could be very
significant for the multiple operation case. Further, these studies exclude the

tooling issues such as tool availability and tool life capacity limitations.

[n a recent study, Akturk and Avci [l] proposed a new solution
procedure to make tool allocation and machining conditions selection decisions
simultaneously by considering the related tooling considerations ol tool wear,
tool availability, and tool replacing and loading times, since they affect both
the machining and non-machining time components, hence the total cost of
production. In this study they extended single machining operation problem
(SMOP) formulation by adding a new tool life constraint, which enabled them
to include tooling issues like tool wear and tool availability. I'urthermore, they
proposed a new cost measure to exploit the interaction between the number
of tools required with the machining, tool replacing and loading times, and
tool waste cost in conjunction with the optimum machining conditions for
alternative operation-tool pairs. Consequently, they prevented any infeasibility
that might occur for the tool allocation problem at the system level due to tool

contention among tool life restrictions through a feedback mechanism.

The importance of effective lot sizing is well recognized by both practi-
tioners and researchers, and the lot sizing problem, in a variety of forms,
has received much attention in the literature. Lot sizing problems play an

important role in modern production planning systems, such as materials
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requirement planning (MRP), hierarchical production planning (IIPP) and
just in time (JIT) manufacturing. Therefore research to develop and improve
solution procedures for lot sizing problems is of eminent importance. Although
many interesting real life problems in lot sizing remain unsolved, a still growing
number of them can be solved successfully as stated by Salomon [29] in his

Ph.D. thesis in which he studied many deterministic lot sizing models.

IFor relatively simple manufacturing environments, under the assumption
that there is a single product and an infinite production capacity, efficient
solution procedures have been developed in the literaturc. The famous
cconomic order quantity (EOQ) model was developed by Harris [19] in 1913.
This model assumes a simple single product, single machine situation with
instantaneous replenishments in which demand is stable and inventory holding
costs and machine setup costs are deterministic and constant over time.
Alter introduction of the EOQ model, Wagner and Whitin [45] developed an
extension of this model in 1958, in which time phased dynamic demand over a
(inite planning horizon was considered. Nonetheless, when the manufacturing
process is more complicated, as will often be the case in practice, problem
complexity may increase formidably. Some of complicating factors in the

manufacturing process are,

e Dynamic demand

e Nonlinear cost structure

Capacity restrictions

Setup times

In the late fifties Manne [28], and in the sixties and seventies Lasdon
and ‘Terjung [26] and Zangwill [47] among others started working on lot
sizing models for more complex manufacturing situations, in which multiple
products, capacity restrictions and machine setup times play an important
role.  Besides the more theoretical work on lot sizing models, a large

number of researchers have worked on solving lot sizing problemns in practice.
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T'he considerable number of publications in international specialist journals
reporting on successlul lot sizing applications in industry, c.g. Gunther [18],
Van Nunen and Wessels [42], Van Wassenhove and De Bodt [43], demonstrates
that research on lot sizing models is not only of theoretical interest, but also

of large practical value.

In the uncapacitated dynamic lot sizing problem, the objective is (o
minimize the total of fixed costs and holding costs. In each period ¢ of a
"I'-period_horizon, lot size (Q);) values are to be determined for a given demand
(d;). 'This choice also determines the inventory quantity (/;) at the end ol period
I. In the process of developing a dynamic programming procedure for finding
the optimal solution to this problem, assuming nonnegative inventory position
and consequently disallowing backlogging, Wagner and Whitin [15] showed that
there exists an optimal solution such that [,_1.Q); = 0 for every (. This means
that each order quantity covers demand for an integral number of periods, a
characteristic sometimes called the Integrality Property. For such dynamic lot
sizing problems some heuristic procedures, that retain the integrality property,
such as least unit cost (LUC), Silver-Meal or least period cost (LPC), part
period balancing and marginal cost difference heuristics are developed as
summarized by Baker [3]. Gorham [16] states that the most commonly used
heuristic was the LUC procedure. Under LUC, the various alternative lot
sizing decisions for the first period, @y, are evaluated according to their cost
per unit of demand, C(t)/ D, where D, denotes the cumulative demand of
[ periods and C(t) denotes the corresponding total cost. The stopping rule
calls for setting @1 = D¢ when this ratio first reaches a local minimum,
that is, when C(t)/D¢ < C(t 4 1)/Dyy,. Silver and Meal [32] proposed "a
stopping rule sometimes called the least period cost (LPC) procedure. Their
approach is similar to LUC, but the basis for stopping rule is cost per period
rather than cost per unit. Under LPC, the various alternatives for ¢ are
evaluated according to their cost per period, C(t)/t. The stopping rule calls
for setting (), = D, when this ratio first reaches a local minimum, that is,

when C(6)/t < C(L+1)/(t+1).

IFor capacitated problems the situation is quite different. Florian et al. [13]
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and Bitran and Yanasse [5] have shown that the single item capacitated lot
sizing problem (CLSP) is NP-hard even in many special cases. Multi item
C'LSP is also NP-hard except for a few special cases (e.g. when all setup costs
are zero) as stated in [29]. However, some polynomial algorithms exist for
some special capacitated problems. Florian and Klein [12] developed an O(1')
dynamic programming based shortest path algorithm for a model with concave
costs and constant capacities. Love [27] provided an O(71™) algorithm that
searched the extreme points of the solution space for a model with piecewise
lincar concave cost functions and bounds on inventories. In a recent study, Van
[Hoesel and Wagelmans [41] developed an algorithm that solves the constant
capacity economic lot sizing problem with concave production costs and linear
holding costs in O(7) time. This algorithm is based on the standard dynamic
programming approach which requires the computation of the minimal costs for
all possible subplans of the production plan. Instead of computing these costs
in a straightforward manner, they used structural properties of the optimal
subplans to arrive at a more efficient implementation. Due to the complexity
of more general CLSPs, most of the literature on this problem [ocus on heuristic

solution procedures.

The heuristic approaches rveported in the literature are classified by Kirca
and Kokten [22] into two groups as mathematical programming and common
sense approaches. The heuristics suggested by Thizy and Van Wassenhove
[39], Trigeiro [40] and Cattrysse et al. [6] belong to the first class. The first
two heuristics are Lagrangian relaxation based procedures. The procedures
suggested in Cattrysse et al. [6] use the set partitioning formulation of Manne
[28] and generate candidate plans for the items by several well known heuristics.
The feasible schedules are obtained by rounding off the LP-relaxation of the set
partitioning problem. Most common sense heuristics use of a period-by-period
approach, in which CLSP is solved on a period by period basis. In cach period,
lot sizes for all items are determined on the basis of a cost savings criterion. In
a given period, future demand of items are scheduled to be produced in that
period until no further cost savings are possible or until all the capacity at that

period is exhausted. Some of the heuristics reported in the literature which
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use this approach are the ones due to Dixon and Silver [9], Dogramaci et al.
[10], and Gunther [18]. An alternative item-by-item approach for generating
solutions to CLSP is proposed by Kirca and Kokten [22]. In this approach,
solutions are generated iteratively. In each iteration, a set of items among
the items not scheduled is selected and production schedules over the planning

horizon for this set of items are determined.

In a machining environment especially due to the tool and machine hour
capacity iimitations unit production costs as well as unit resource consumption
rates cannot be determined unless tool allocation and machining conditions
oplimization problems are solved for each possible lot size value, which could
bhe a very difficult task due to the computational burden. Also existence of
these constraints cause production cost function to be convex. However, in
most ol the models developed in the literature unit production costs and unit
resource consumption rates are assumed to be fixed and apriori known, whereas
these are decision variables in a machining environment. Furthermore, in most
ol these studies the production cost function is assumed to be either concave or
linear due to the economies of scale. Consequently, existence of such problems
makes the applicability of available lot sizing procedures almost impossible for

machining environments.

In the literature there exist few studies on the integration of lot sizing and
tool management problems. Wysk et al. [46] introduce lot size considerations in
determining the optimal cutting speed in a single item, single machine, single
period problem. Koulamas [23] presents a queueing model for determining
analytically the optimal lot size in a machining economics problem under
stochastic tool life considerations. Koulamas [24] proposes an iterative
procedure for the simultaneous determination of the cutting speed and lot
size values in machining systems for single and multiple part cases using the
Lagrangian technique, while the feed rate is taken as a constant. In this study,
parts are assumed to be composed of single operation. Consequently, parts
arc machined by a single cutting tool and tool allocation decisions ave not
considered. The author also has not considered machine horsepower, surface

linish and tool availability constraints, although in many real life problems the
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machining parameters are constrained by these limitations. [Furthermore, in all
of these studies only single period case is considered and consequently demand

1s assumed to be fixed.

The objective of the research reported in this thesis is to show that there
is a close relationship between the lot sizing and tool management decisions
by proposing some algorithms for single and multi period cases ol the joint
problem. In the next chapter, we give the definition and the underlying
assumptions of the problem as well as the details of the algorithm proposed
by Akturk and Avci [1] to solve tool allocation and machining conditions
optimization problems simultaneously. Our joint algorithms for the integration
ol lot sizing problem to the tool management problem for single and multi
period cases are given in Chapters 4 and 5, respectively. Finally in Chapter 6,

some concluding remarks and future research suggestions are provided.



Chapter 3

Problem Statement

Due to the complex nature of flexible manufacturing systems (FMSs), the
related production management problems are also more complex than other
manufacturing systems. Therefore the efficient operation of an FMS is a very
difficult task, and in many implementations the available capacity has been
underutilized. In view of the high initial cost of the 'MSs, it is very important,
to operate these systems efficiently as much as possible in order to getl expected

henefits of flexibility and economy.

[n I'MSs, lot sizing is one of the important issues which needs (urther
consideration. In the traditional approaches, lot sizing decisions are given at
system level, independent of tool management decisions. However all of these
decisions are closely related and lot sizing decisions affect tool allocations as
well as machining conditions such as cutting speed and feed rate. Furthermore,
the interaction between lot sizing decisions and production rates in addition to
the tool and machine hour capacity constraints cannot be ignored. Integration
ol these decisions can result in reductions in the total production cost and

prevent any infeasibility due to the tool and machine hour capacity constraints.

The organization of this chapter is as follows. In §3.1 the definition of the
problem and underlying assumptions are given. In §3.2 the lot sizing decision

is summarized along with a description of some well-known uncapacitated

13
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lot sizing heuristics. In $§3.3 the tool management decisions including a

mathematical model and an exact algorithm to solve tool allocation and

machining conditions optimization problems simultaneously are discussed.

Finally, some concluding remarks are provided in §3.4.

3.1

Problem Definition and Assumptions

In this study an automated machining environment consisting of a single

('NC machine is considered. The limits of the problem are defined by stating

operating policy and characteristics of the system. The following assumptions

are made to define the scope of the study:

Production may take place in a single period under static demand or in
multiple periods under dynamic demand.

There are multiple parts in demanded quantities and cach part is
composed of multiple operations.

[Sach operation can be performed by a set of alternative tool types with
limited quantities on hand.

Backlogging is not allowed.

Initial and final inventory levels are assumed to be zero without loss of
generality.

(NC! machine can work for a limited number of hours.

The tool switching is only allowed during the part changing and only a
single tool can be changed at a time. This assumption implies that tool
changing time occurred in a particular part loading/unloading event is
additive. So tool changing times of different tools can be summed to {ind

the total tool changing time occurred.
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o [or the machining operations, the cutting speed and the feed rate will
be taken as the decision variables, and the depth ol cut is assumed to
be given as an input. This assumption particularly limits our attention
to single pass machining. Therefore, if a material removal requires more
than one pass, those should be prespecified as different volumes with

their depths.

e Fach machining operation of a part should be completed by a single tool
type throughout the manufacturing of whole lot. Therefore, during the
manuflacturing of a lot, the same operation of a part is always machined

by the same tool type.

o After completion of a lot, remaining tool lives can be used for
manufacturing of another lot. Therelore the actual usage of tools are

included in the tooling cost and tool availability related calculations.

Under these assumptions we want to solve lot sizing, tool allocation and
machining conditions optimization problems simultaneously to determine the

following decision variables:

e Lot sizing decisions: In what quantities cach part will be produced.
¢ Tool management decisions:

— Tool allocation: How tools will be allocated to parts in terms of
quantities and allocation scheme.
— Machining conditions selection: What the cutting speed and

feed rate will be for each operation of each part.

Traditional approach for the determination of these decision variables consists
of a two-level optimization procedure. In the first level, lot sizing decision is
given using some lot sizing algorithms and in the second level, taking the lot
sizes found in the first level as input, tool management decisions are given. In

the next sections these decisions will be explained in more detail.
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3.2 Lot Sizing Decision

T'he question of “How much to produce 7”7 is an important problem that almost
cvery manufacturing business must deal for smooth and eflicient running of
its operation. The lot sizing decision answers this question by determining
the optimum amount that should be produced to satisfy the demand. In a
manufacturing environment using a traditional two level approach, lot sizes
are determined by minimizing the total inventory related cost which is usually
expressed as the sum of setup and inventory holding costs assuming that
unit manufacturing cost is fixed and no shortage cost occurs. The setup
cost represents the fixed charge incurred when an order to manufacture is
placed. Thus, to satisfy the demand for a given time period, the more frequent
manufacturing of smaller quantities will result in higher setup cost during the
period than if the demand is satisfied by less frequent manulacturing of larger
quantities. The holding cost, which represents the cost of carrying inventory
in stock (e.g. interest on invested capital, storage handling, depreciation and

maintenance) normally increases with the level of inventory.

Different lot sizing models have been proposed according to some demand
characteristics. A deterministic demand may be static, in the sense that
consumption rate remains constant with time, or dynamic, where demand is
known with certainty but varies from one time period to the next. Without
capacity considerations, a multiple part lot sizing problem can be solved for
cach item independently for both of the static and dynamic cases. For the
static demand case a simple economic order quantity (EOQ) model and for
dynamic multi period case Wagner-Whitin (WW), least unit cost (LUC) and
least period cost (LPC) algorithms are the most widely used ones. A more
detailed discussion on these approaches can be found in [3] and [20]. Now, we

will briefly explain these models below.
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3.2.1 Economic Order Quantity (EOQ) Model

T'his model is based on the assumption of continuous and steady demand rate.
[t performs well only where actual demand approximates this assumption. In
a single period two level approach EOQ model can be used al system level to

find the lot sizes. For the EOQ model, the optimal lot size (Q) is given by the

2-5-D
= \//1.-(1 - D/P)

S @ Setup cost per lot,

following expression:

where,

h : Inventory holding cost per unit per period,
D : Demand rate per period, and

P : Production rate per period (P > D).

For nonintegral lot size values, the optimal ) value can be rounded off.
However it is difficult to achieve zero final inventory condition in a single period
by producing equal lots of size (). Because the optimum lot size (()) found
may not exactly divide the demand. In this case it is rcasonable to apply
the following procedure to get rid of this problem. Let » = [D/Q], then
)* = D — () - r gives the remaining quantity to be produced to satisfy the
demand. I Q* > Q/2, then we produce r lots of size ) and a single lot of size

()*. Otherwise we produce r — 1 lots of size @) and a single lot of size Q) + Q™.

3.2.2 Wagner-Whitin (WW) Model

This model can be used in a two level approach at system level to [(ind

the optimum lot sizes for multi period dynamic demand cases. Under the

assumption of concave or linear production costs, the optimum production
7

(uantity in any period is one of these values: 0 or Y Dy forn = m,m+1,---, T

where D, and T' denote the demand in 1i)<f:1‘i0dt7nm'1d the planning horizon,

respectively. In another words, if production takes place in any period, then
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the entering inventory for that period should be zero. Based on this lact
forward and backward dynamic programming algorithms have been developed.
The solution procedure and a more detailed discussion of this model can he

found in [20].

3.2.3 Least Unit Cost (LUC) Model

This modlel proposes a heuristic procedure based on the assumptions of the
WW model. This procedure can be used in a two level approach to find the
lot sizes at system level for multi period dynamic demand cases. For the [irst
period a lot size that covers requirements of ¢ periods is @y, = D(+Dy+-- -+ D),.
If the fixed setup cost for this lot is S and its holding cost is H, = h.(D, +
2.Dy 4+ -+ 4+ (¢t = 1).Dy), then its cost per unit produced is LU/C, = %
This algorithm begins with LUC (corresponding to 1) and calculates LU/,
LUCy ete. until LUCyy, > LUC). Finding this condition, the procedure sets
the size of the first lot to (1. In other words, the procedure locates the first
local minimum of cost per unit. It then fixes the first lot size at this quantity
and proceeds to determine the second lot size. This is accomplished by starting
over at time £+ 1 and searching for the least unit cost over periods k+ 1, A+ 2,

cote.

3.2.4 Least Period Cost (LPC) Model

"T'his model proposes a procedure similar to the one given in the previous
section. However, in this method the stopping criterion for the local optimum
search is cost per period rather than cost per unit. Using the notations of
the previous section, the minimum cost per period is LPC = éilll_: The LPC
method uses this quantity to find a local minimum. That is, the stopping rule

dictates that the lot should not be extended further it LPCyy > LPC).

Similar algorithms also exist in the literature that can be used to determine

the lot sizes at system level. However these are the most widely used ones and
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experimentally it has been shown that, these procedures give the best results

on the average among available similar procedures as stated by Baker [3].

3.3 Tool Management Decisions

Tool management problems are mainly composed of decisions related to tool
allocations and machining conditions selection. In this section assuming a
lixed lot size, we will give a mathematical model for the simultaneous solution
of these two problems and an exact solution algorithim proposed by Akturk
and Avci [1] for the tool management problem with necessary explanations

will follow.

Advances in cutting tool materials and designs will increase the cutting
speeds at which machining is carried out, consequently reduce the machining
time, but the initial tooling cost might be higher. Therefore we consider a set
ol alternative cutting tool types for each machining operation, since no one
cutting tool type is best for all purposes. Moreover, the same tool may be used

in several machining operations, each one with different machining conditions.

I'he machining conditions optimization for a single operation is a well
known problem and several methods have been developed as discussed in
Chapter 2. However, these methods only consider the contribution of
machining time and tooling cost to the total cost of the operation, where the
decision variables are the cutting speed, depth of cut and feed rate. However, in
our study of multi operation case, non-cutting time components resulting from
dilferent sources, like tool tuning, workpiece loading/unloading etc. have also
significant contribution to the total cost of production via operating cost. All
these time consuming events except the actual cutting operation are called non-
machining time components. In our models we only consider tool replacing and
loading times, since these are the only ones that can be expressed as a function

ol both the machining conditions and alternative operation-tool pairs.
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3.3.1 Notation

The following notation is used throughout the thesis.
aj, By v Speed, feed, depth of cut exponents for tool 5
(", b, ¢, e Specific coefficient and exponents of the machine power constraint
C, : Operating cost of the CNC machine, ($/min)
(’s, ¢, h, L Specific coeflicient and exponents of the surface roughness constraint
C'y, + Cost of tool j, ($/tool)
d; : Depth of cut for operation i, (in.)
Ji; ¢ Feed rate for operation z using tool 7, (ipr)
(/; . Diameter of the generated surface for operation 7, (in.)
H P, : Maximum available machine power, (hp)
[ : Set of all operations
J : Set of the available tool types
J; : Set of the candidate tool types for the operation ¢
L; : Length of the generated surface for operation ¢, (in.)
ni; » Number of tool type j required for completion of operation 4
N; : Number of available tools of type j
(@ : Lot size, (parts)
¢i; : Number of times that an operation z can be performed by a tool
type 7
SIMM; : Maximum allowable surface roughness for the operation 7, (pin.)
1'C; : Taylor’s tool life constant for tool j
l,
L,
v;; : Cutting speed for operation ¢ using tool j, (fpm)

: Tool magazine loading time for a single tool 7, (min.)

; + Tool replacing time for tool j, (min.)

w;; ¢+ 0-1 binary decision variable which is equal to 1, if tool j is assigned
to operation 1

yi; ¢ 0-1 binary indicator which is equal to 1, if tool j is a candidate tool

for operation
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3.3.2 Mathematical Model

As an introduction, we are going to define some possible time components that
should be included in the objective function of total cost for the manufacturing
ol a fixed lot of a single part. There exist two distinct categories for the time
components, namely machining time (cutting time) and non-machining time

(non-cutting or idle time).

e Machining time ({,,;): Time required to complete a metal cutting
operation.  For example, the cutting time expression for a turning
operation is given in [15] as follows:

S lQU,J/”
Similar expressions for a wide variety of machining operations are
available in the literature. However, for the machining economics studies
the above expression has been preferred to study on since it is a common

expression to all researchers and easy to extend to some other operations.

o Taylor’s tool life expression (7j;): The relationship Detween
machining time and tool life can be expressed as a function of the
, R, ; o1y o, - ‘o
machining conditions by using an extended form of Taylot’s tool life

equation as follows:

TC;
& i
vij - Jij ]

This expression is [requently used in the machining economics literature,

m

L1 —

especially in the cases where there exist more than one machining

condition as the controllable variable.

¢ Usage rate expression (U;;): For the turning operation by combining
above two time expressions, the following expression can be derived [or
the machining time to tool life ratio.

t?‘ﬂ,’j _ 7T.G.L'.Li.d;~73
T 1—aj) (1-5;

Ty 1270007 U7

Uij =

[t is possible to derive similar expressions for other operations.
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Consequently, ¢;; = [1/Ui;]| and ny; = [Q/qij]. For practical purposes, ¢;;
must be selected in order to instruct either the CNC program or the operator
to change tools alter predetermined number of pieces have been machined.
Belore introducing the mathematical model some remarks on our assumptions
about tool usages will be helpful. As we stated in §3.1, only the used amounts of
tools are considered in cost calculations and tool availability related constraints.
T'hercfore we used an actual tool usage expression which is equal to Q) - (7;; for

a lot size Q@ and corresponding Uj; values.

A mathematical formulation of the tool allocation and machining conditions

optimization problem can be as follows:

Minimize Cp, = Q.C,. Z Z-’L'ij-tnu, + C,. Z Z Tij. (('n,ij — 1)t + /,,J)

iel jeJ 1€l jed

+ Z Z i Q . U,'j . Ctj

i€l jeJ

Subject to: e Tool Assignment Constraints:

> a=1,loreveryi€l
ieJd

YoX (1 —yi)wij =0

el jed

e Tool Availability Constraints:

> wi;.Q .Uy < Nj, lor every j €
iel

e ‘Tool Life Constraints:
xi; Uiy qij < 1, foreveryie [, j €
o Machine Power Constraint :

a:i_.,'.Cm.vf’j._ ed] < HPpop, for every i € [, j € J
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o Suwrface Roughness Constraints :

;. Covls flrd < SFM;, for every i € [, 5 €
e Nonnegativity and Integrality Constraints:

v;; >0, fi; > 0,foreveryeel,jeJ

x;; € {0,1} and n;; nonnegative integer for every 1 € I, j € .J

[ the above mathematical formulation of the problem, the total cost (C),,)
ol manufacturing of a particular lot (@) is expressed as the sum of operating
cost due to machining time and non-machining time components, and tooling
costs, respectively. There are four sets of decision variables. T'he (irst set of
decision variables, @;;, represents the tool allocation decisions. The second set
of decision variables, n;;, depicts the number of tools of a given type allocated
to an operation. Finally, the third and fourth sets of decision variables, v;; and

[i;, represent the machining conditions selection decisions.

In the presented nonlinear MIP formulation, there exist three types
ol constraints, namely, operational, tool related and machining operation
constraints. The first set of constraints represents the operational constraints
which ensure that each operation is assigned to a single tool type of its
candidate tools set. The tool availability and tool life constraints arc the
tool related constraints which guarantee that the solution will not exceed the
available quantity on hand and the available tool life capacity for any tool
type, respectively. Finally, last two set of constraints represent the usual
machining operation constraints. The surface roughness presents the quality
requirement on the operation and the machine power constraint provides to
operate machine tool without being subject to any damage. The complexity
of the above problem was discussed by Akturk and Avci [1], and they showed
that the tool allocation and machining conditions optimization problem is NV'P-
complete and presented a solution algorithm to this problem using the classical
single machining operation problem, which will be discussed in the next section,

as a starting point.
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3.3.3 Single Machining Operation Problem (SMOP)

In SMOP, the objective function includes the tooling cost and operating cost
due to the machining time, and it 1s possible to impose the machining operation
constraints on the problem together with a tool life constraint. The following
standard mathematical formulation of geometric programming (GP) can he

written for the SMOP for every possible operation-tool pair:

Ve . . M Y vy — | ABj—1

Minimize — M;; = Cl.v j“ + C,. (( ) _/ig =)

Subject to: (L‘j—l /(ﬁ’ V< (Tool Lile Constraint)
Crok fi <1 (Machine Power Constraint)
Cyvi. 'i’;. <1 (Surface Roughness Constraint)

vijs fij > 0

where, .
Y
C 7T.Gi.L,‘.GD O, = 7T.(_r'i.[/.,;.dij.(/,,j
T T TP e

. ] .
o W-C;i-Li-(l?J.(]-ij v C‘nl,dg . v (‘7-?'(117
= — , O, = = ,and = ——
12.7C; HP, ... SIM;

Denoting the dual variables by Z,, Z, .., %5 the GP-Dual formulation for

the above problem can be as follows:

Cy

C A > MAYZ) Y 1
Maximize (,—l)/ (= )J (C/)/ ((/7/”)/ ((w)
A 4o

Subject to: Zy + Zy =1
—Z1+((l7—1) Az-l-(C\/— )/3+()/1+(]A)—0
— 2+ (Pi—1).Ze+ (B — 1) Zs+cZa+ hZ5 =0

Zla Z’Z’ Zf_’n lea Z") Z 0

I'he objective for the dual problem is still non-linear, but the constraints ol

the dual formulation are well-defined linear equations. The dual problem can be
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solved by using the complementary slackness conditions between dual variables
and primal constraints, which are given below, in addition to constraints of

hoth the primal and dual problems.

Z (Clol ™ 07y = ¢

Za(Ch v [ —1) =0

T

Zs(ClLovf Jli—1) =0

Each of the constraints of the primal problem can be either loose or tight
at optimality. If a dual feasible solution is found for a given problem then
the corresponding primal solution can be evaluated in terms of its decision
variables, and consequently the primal feasibility of the solution can be checked.
At optimality, the corresponding solution should be feasible in both the dual
and primal problems, and the objective function value for both problems should
be the same. Since we have three constraints in the problem, there are eight
different cases for the dual, but only six of them are feasible as shown in [1].
T'herefore, we can find the solution of SMOP very quickly since the explicit

analytic expressions of the solution exist for all cases.

3.3.4 Exact Solution Procedure

In this section we will give somehow modified version of the the exact al g‘()l‘il}ll.l‘fl'l
proposed in [1], to solve tool allocation and machining conditions optimization
problems simultancously. The constraints and the decision variables for
machining conditions and tool allocation interact with each other. In order to
solve these two interrelated problems simultaneously, the set of tool availability
constraints, which can be called coupling constraints, arc relaxed. In this
resource directed decomposition procedure, the optimum machining conditions
for every possible operation-tool pair is found and then the tool giving the
minimum cost measure is selected using SMOP as a key. This provides a lower

bound for the tool allocation and machining conditions optimization problen.
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Il the required number of tools for any tool type exceeds the number ol tools
available on hand then different tool requirement levels for every operation-tool
pair are generated. Consequently, the nonlinear MIP formulation with several
set ol constraints given in the previous section is polynomially transformed to

a much simpler [P formulation.

The following parameters should be specified, for all tools and operations,

as an input to the algorithm.

System related inputs: C,, HP,,.;, Q).

Tool related inputs: .J and N;, «;, f;, vj, b, 4, Cy; Vi €.

e Part and operation related inputs: [ and y;;, d;, (/;, L;, SF'M;

VielandVy € J.

Technological exponents: C,,, b, ¢, ¢, Cs, g, I, [

The execution of the algorithm provides us with the [ollowing output
decision variables:
e Optimum tool allocations: x;;, n; Vie [ and Vj € J.
e Optimum machining conditions: v, [i; Vi€ [ and Vj € J.
e Other consequence variables:
* If: Sum of total machining and non-machining times.
* W: Sum of total machining, non-machining and tooling costs.

* R;: Actual requirement of tool type j,Vj € J
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Algorithm
The step by step illustration of the algorithm is as follows:

e Step 1: Initially, for every possible (2, j) pair set ¢;; = [Q/N;] and
solve SMOP to determine optimum vy;, fi;, ny; and Uj;. Then update ¢
and ng; as follows: ¢ij = [1/Uy;] and ny; = [Q/¢ij]

e Step 2: Resolve SMOP for the requirement level, k € {1,2,--- n;;}, of
every operation (¢,7) to find vfi, flf;, (lfi," ULI‘,, and the corresponding 1\/[,5
to determine Ci’; as follows:

For every ¢ € [
For every j € J;
For every k € {1,2,---,n;;}
Set i = [Q/H]
Solve SMOP
Determine Ci"]'- = Q.M',ﬁ 4 C,. [(lc — 1), + /,1)}

e Step 3: Foreveryi € [ find the (7, k) pair giving the minimum ( ’f] value
and using the corresponding U;; value compute tool type j requirement

for every 5 € J as B; = > Q. Uy
el

e Step 4: If R; < N; [or every j € J then the lower bound solution
found in Step 3 gives the optimum tool allocations and machining
conditions. In this case W = Cff,- where (7, k) pair corresponds to the

el
optimum tool allocation for operation 4, as found in Step 3. Otherwise
solve the following integer programming (IP) formulation to find the
hest allocation for every operation that satisfies the tool availability
constraints:
nij
Minimize W => > 3" Cf7 . :vffj

€l jeJ; k=1
g j

Subject to: Z Z :L‘ﬁj =1 Vel
J€Ji k=1
S kak<N,  viel

el k=1
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. . ‘k L E TN i : . i . . Iy
where 27; is a 0-1 binary decision variable which is equal to | il the
machining of volume ¢ is assigned to tool j al the tool requirement level

ol k tools.

e Step 5: For the optimum tool allocation we compute sum of machining

and non-machining times (H) as follows:

X 7T.Gi.Li .

3.4 Summary

In this chapter, we have given the definition and the underlying assumptions of
the joint lot sizing and tool management problem. We presented the traditional
two level approach for the solution of this problem and clarified the lot sizing
methods that are widely used to determine the lot sizes independent of tool
managemment problems. We also presented the independent tool management
problem including tool allocation and machining conditions optimization
problems.  After giving a mathematical model for the tool management
problem, we presented an algorithm to solve the tool allocation and machining
conditions optimization problems. In Chapters 4 and 5, we will concentrate on

the solution of the joint problem for single and multi period cases, respectively.



Chapter 4

Single Period Model

[n view of the high investment and operating costs of computer numerically
controlled machines (CNCs) and hence of flexible manulacturing systems
(I'MSs) attention should be paid to their effective utilization. Most of the
existing studies in tool management ignore the lot sizing decision at system
level and take it as a predetermined input while deciding on tool allocation
and machining parameters. On the other hand, most ol the lot sizing
algorithms ignore the machine hour and tool availability constraints and treat
the production rate either as infinite or given, while this is an important
decision variable in practice and significant cost savings can be realized by
controlling the production rate. Consequently, by integrating lot sizing and
tool management decisions total production cost can be decreased and any

infeasibility due to tool and machine hour capacity constraints can be avoided.

[n this chapter, we will propose a new solution methodology to find optimal
lot. sizes, tool allocations and machining parameters by integrating system,
machine and tool level decisions for the single period fixed demand case. The
remainder of this chapter is organized into six sections as follows. In the
next section, we will give the problem definition and additional notations used
throughout this chapter. A mathematical model of the problem is introduced
in §4.2. The proposed algorithm is described in §4.3. A numerical example

and the computational results of an experimental design are presented in §1.4

29
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and §4.5, respectively. Iinally, some concluding remarks are provided in §1.6.

4.1 Problem Definition and Notation

In an automated machining environment consisting of a single CNC turning
machine, we want to solve the lot sizing and tool management problems
simultaneously in order to determine the decision variables defined in §3.1.
In addition to the assumptions given in §3.1, it is assumed that production
takes place in a single period and for cach part demand is known and fixed.
T'he lollowing notation is used in addition to the notation given in the previous

chapter.

Parameters :

[, : Average inventory level for part p, (part)

d;y : Depth of cut for operation 7 of part p, (in.)

D, : Demand for part p, (parts)

[" : Set of possible equal lots

(V;, : Diameter of the generated surface [or operation ¢ of part p, (in.)

h, : lnventory holding cost of part p, ($/part/period)

[, : Set ol all operations of part p

J : Set of the available tool types

J;p @ Set of the candidate tool types for the operation ¢ of part p

K, : Set of all alternatives of part p

Li, : Length of the generated surlace [or operation 7 of part p, (in.)

M : A very large positive number, i.e. M > 100 maz{D,} for every p € P
M I,,.. : Maximum available machine hour for production of all parts, (min)

P : Set of all parts

7, @ Production rate for part p, (parts/period)

r, : Number of equal lots for part p
S 1M, : Maximum allowable surface roughness for the operation ¢ of part p,

(pin.)
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gl

p

ls, :

Yiip +

Setup cost for production of part p, ($/lot)
Setup time for production of part p, (min/lot)
0-1 binary indicator which is equal to 1, il tool j is a candidate tool

for operation z of part p

Decision Variables :

tl 2,
(’l/.?])’ (/I.:'p '

( jkp .

fiip -

: Total machining and non-machining time required for the lot sizes,

/>/v/.]'/n /[lfp

Total cost of machining, non-machining and tooling for the lot sizes
Q1y, and Gy, respectively for alternative k of part p, ($/lot)
Total cost for alternative & of part p ($/period)

l'eed rate for operation 7 of part p using tool j, (ipr)

@1y, and Qg respectively for alternative & of part p, (min/lot)

I, : 'Total time required for alternative & of part p (min/period)
nijp . Number of tool type j required for completion of operation 7 of part p
¢ijp: Number of times that an operation ¢ of part p can be performed by a
tool type j
Q1 + Size of equal lots for alternative & of part p, (parts)
(D24, © Size of last lot for alternative k of part p, (parts)
(1, : Size of equal lots lor part p, (parts)
(02, : Size of last lot for part p, (parts)
Rl 185, + Tool type j requirement for the lot sizes, (1), and Quy,, respectively
for alternative k of part p
R, + Total tool type j requirement for alternative & of part p
1, + Number of equal lots for alternative k of part p
r, : Number of equal lots for part p
s, 0-1 binary decision variable which is equal to 1, if ()3, > 0
v;jp, © Cutting speed for operation i of part p using tool 7, (fpm)
2, ¢ 0-1 binary decision variable which is equal to 1, if tool j is assigned to
operation 7 of part p
Zkp @ 0-1 binary decision variable which is equal to 1, if alternative & of part

p is selected
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Inventory Level

Time

Q,/D >QDe——><-- - - >Q,D<---- Q,D

hi=Q1.(1=2), he =Q2.(1- 2)and T = r.(%) + L=1

Figure 4.1: Inventory Level versus Time.

4.2 Mathematical Model

A mathematical formulation of the single period joint lot sizing and tool
management problem can be obtained by incorporating some additional
components to the objective function and constraints of the tool management
problem formulation presented in §3.3. Before giving the mathematical
formulation of the problem, it will be helpful to give some remarks abogt

the average inventory, I, equation used in the mathematical model.

After dropping the part indices p for clarity, I is derived as follows. We
produce r lots of size ), and one lot of size ()2, such that D = r.Q; + Q», in a

given period T as shown in Figure 4.1. If we denote the total inventory by A
then

r.Q2? Q32
= (55 1=-2+50-2)/(~($)+ %)

- 2)(rQ1 + @)(3p)

As we can easily verify that
I = %(1 - %) when Q1 = Q2 = Q.

I -4
(1
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A mathematical formulation of the problem can be as follows:

D,

Minimize E Sp . (rp+ sp) + E (1. QUi+ Q22). (1 = =)
ZD r b ,
peEP peP P
+ E D'/) . (Jo E E Tijp - tm,'jp + § :(717) + 37)) . Co Z E :wijp((”ijp - l) . /,',.J + /flj)

peLP iel, jeJ PpeEP i€l g€J

. ks L : ..‘ Y
S Sy Dy Uiy Gy

peP i€l jed

Subject to:

e Demand Satisfaction Constraints :
7.1, + Q2, = Dy, for every p € P

(2, < M.s,, for every p € P

e Machine Hour Availability Constraint :

Z [)p Z Z Lz;p Mijp + Z T + Sp Z Z Lz)p( Nigp — ) -+ [1 )+

peP i€y, 1€J peP i€lp j€J
Z ['“'p 7y + "p < MH, ..
pel’

o Tool Assignment Constraints:
Z wip=1,loreveryi€ [, ,pe P
J€d

. J— IR N . ]
> > (1 —=yijp) - xijp = 0, for every p € F
IEI]' /€1

e Tool Availability Constraints:

o> wijp- Dy Uijp < Ny, for every j € J

peP i€l

e 'l'ool Life Constraints:
Wiy Uijp - qizp < L foreveryi € I, g€ J,pe P
e Machine Power Constraints:

o 00 [fip - diy S HPpooy for everyr € 1, j € J,pe P

igp - Lrm Uiy ip
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e Surface Roughness Constraints:

Cy. v, o dl < SFM,,, foreveryi€ I, j€J,pe P

;I;Ij.'i[J . iip * %aip

e Nonnegativity and Integrality Constraints:
vijp >0, fijp>0loreverype P ,iel, je]

Xiiyy $p binary integers and ng,,r, integers for every p € Pi e [,,5 € .J

In the above nonlinear MIP formulation, the objective function is composed
of setup, inventory holding, machining, non-machining and tooling costs,
respectively. The first set of constraints ensures that demand for cach part is
satisfied by 7, equal lots of size @1, and a separate lot of size ()2, il any demand
is left unsatisfied. The second constraint ensures that total time required, which
is composed of machining, non-machining and set up time components, does
not exceed available machine hour. The third set of constraints represents the
operational constraints which guarantee that each operation is assigned to a
single tool type of its candidate tools set. The fourth set of constraints ensures
that total tool requirement does not exceed the amount of tools on hand. The
(ifth set of constraints guarantees that machining time for an operation does not
exceed available tool life and finally the last two sets of constraints represent
usual machining operation constraints. The surface roughness presents the
uality requirement on the operation and the machine power constraint ensures

that machine tool operates without being subject to any damage.
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4.3 Algorithm

The constraints and the decision variables for lot sizing, tool allocation
and machining conditions interact with each other. In order to solve these
interrelated problems simultaneously, we propose a new solution procedure
by relaxing the machine hour availability constraint, which can he called a
coupling constraint among the parts. For the reduced problem, we then relax
the set of tool availability constraints. In this resource directed decomposition
procedure, we first find the optimum machining conditions for every possible
operation-tool pair and select the tool that gives the minimum cost by using the
single machining operation problem (SMOP) as a key. This will provide a lower
hound for the tool allocation and machining conditions optimization problem.
Afterwards, we impose the relaxed constraints as illustrated by the flow chart
in IMigure 4.2. Conscquently, the nonlinear MIP formulation with several set
ol constraints given in the previous section is polynomially transformed to a

much simpler integer programming (IP) formulation as outlined helow.

The steps of the proposed algorithm can be summarized as follows. In steps
| and 2, we find a set of lot size values and alternative production schedules
that satisfy the demand satisfaction constraint. In step 3 using the exact
solution algorithm of Akturk and Avci [1] given in §3.3.4, we determine the
optimum machining conditions and tool allocations [or each possible lot size
found in steps | and 2. In step 4, we calculate total cost, total machine hour
and total tool requirements for each alternative. We repeat these steps for all
parts, and find a lower bound solution and check its feasibility in step 5. In
step 6, we preprocess the alternatives to eliminate the dominated and infeasible
ones. [Finally in step 7, over the set of remaining non-dominated alternatives,
we construct and solve an IP formulation to find the optimum solution. A
step-by-step illustration of the proposed algorithm is given in the next section

on a numerical example.
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Generate Alternatives that
Satisfy Demand Constraints
in Steps 1 and 2.

Relax Machine Hour
Availability Constraint

Tool Allocation and Machining
Conditions Optimization
in Step 3.2 using Algorithm
in Section 3.3.4

Constraints

Relax Tool Availability

Solve SMOP in Steps 1 and 2
of Algorithm in Section 3.3.4

Check

Algorithm in Section 3.3.4

Tool Availability

Solve IP in Step 4 of
Algorithm in Section 3.3.4

Machine Hour and

Tool Availabilit

Preprocessing in Step 6

Solve IP in Step 7 to Find

> _STOP

Optimum Solution

Figure 4.2: Flow Chart of the Algorithm

36
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e Step 1: (Determination of Possible Lot Sizes)
Let =0 andr =1

Do following while »r < D,
— Step 1.1: DB, = [Q}J and I'=F U {B,}
— Step 1.2: r=r+41

o Step 2: (Determination of Alternative Production Schedules)
let k=0, K,=10

For every By € F' do the following:

— Step 2.1: k=k+1, K, =k, U {k}

— Step 2.2: Oy, = B
It %’11 is integer then ry, = [1:;1) and Qyy,, =0
-3 D,
Else B, = D, — L#{J-Bl
If B, < By/2 then ry, = L%’f] — 1 and Qq, = By + By
Else if By > By /2 then ry, = [%’f] and Qay, = By

e Step 3: (Tool Allocation and Machining Conditions Optimization)

— Step 3.1: Determine approximate tool allocations such that V;, =

N,Z Yiin/ Z Z Yijp lor every 7 € J and p € P.

iE[p peEP ieIp
— Step 3.2:
['or every p € P

For every k € K,

* Call the algorithm in §3.3.4 with Q) = Qy,,, N; = N;, and other
necessary input parameters. After execution of the algorithm
set the output consequence variables W, R; and H ol the
algorithm to Cj,, Rj;, and Hy , respectively.

# If (Qazp, > 0) then call the algorithm in §3.3.4 with @ =
Q21> Nj = Njp and other necessary input parameters. After
execution of the algorithm set the output consequence variables

ey and  HE

W, R; and H of the algorithm to C},, R:

respectively.
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e Step 4:  (Determination of Parameters for Alternative Production
Schedules)
For every k € K, and p € P find Ciy,, Hyp and Ry, for every j € J as
[ollows:
If (Q2y,, = 0 then
Cip = 11-Chp + 2 Qe (1 — %‘) + 5Tk
Hy, = 7'/»-;;'1[11,, + 7p.tspy
Rikp = 1rp-Rjy,, for all j € J
Flse ((IF Qg > 0)
Crp = 4. Chy + CF 4 hp Ly + Sy (12 + 1)
Hy, = 7‘;;,,.1'[&7) + .H,fP + ts,.(rpp + 1)
Rk, = 7'k7)'12}1'k;; + R} forallje.J

7kp

o Step 5: (Lower Bound Check)
For every part p € P find alternatives with minimum costs to find
the lower bound. If these alternatives satisfy the following machine

hour and tool availability constraints, such that Z Hyy < MH,,.., and
peEP

Z R, < Nj for every j € J where k = arg minC,,}, then the solution

peEP
is optimum, STOP.

e Step 6: (Preprocessing)

— Step 6.1: (Elimination of Dominated Alternatives)
Eliminate any dominated alternative ¢ € K, for which 34k € K,
such that following conditions are satisfied: Cy, > Ch,, H,, > 1},

and Ry, > Rjip, for every 5 € J.

— Step 6.2: (Elimination of Infeasible Alternatives)

(JOII'I].)UL(« 1277“71_7]) = min kGI\',,{[{]L:p}a Rmmj = Z 1{‘711,1?71,.7‘/;» —”mmp =
peP

|.'I'1i1'1;\,er{Hk,,} and H,.n = ZH.,,M,],. If either R,; > N; or
peP
Hym > MHy,, then the part selection problem is infeasible,

STOP. Otherwise, eliminate any alternative £ € K, and p € P
for which either 35 € J such that Rj;y > Nj — Ry + Roiaj, o0
_Hh) > fw.f[ma:v - H‘min =+ ]J7llill,])°
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e Step 7: Solve the following 0-1 IP to find the optimum combination of
alternatives.

Minimize Z Z Crp-Zkp

peP keK,
Subject to: Y z, =1 for every p € P
ke,
Z Z Rjkp-zip < Nj lor every j € J
peP keK,

Z Z 11).77)-3k7) S Adv]_j’nm:v
pEP kEK,

2k € {0, 1} for every p € Pk € K,

In the above formulation the first set of constraints ensures that for cach
part p exactly one alternative is selected. By the second set of constraints,
it is guaranteed that tool availability constraint is not violated f[or any
tool type, and finally the third constraint ensures that the solution does

not exceed available machine hour.

The first four steps of the above algorithm is executed for every p €
/>, In step 1, we determine the possible lot sizes for possible setups » €
{1,2,3,....., D}, and keep these lot sizes in a set I'. In step 2, we create
alternative production schedules using the lot sizes found in step 1. Therefore,
for cach lot size By € I', we first check if it exactly divides the demand,
since in this case we can satisfy the demand by producing r = D,/ B, lots of
size 3. Otherwise, we determine the remaining unsatisfied demand B,. If
13, < Bi/2, we satisfy demand by producing the remaining amount on the
last lot, otherwise we produce a separate lot of size By and according to these
decisions, we set the size of equal lots to @y, the size of the last lot to
(2 and the number of equal lots to ri,. In step 3, the available tools are
initially divided among parts in accordance to their requirements of cach type,
and then using the exact solution algorithm of Akturk and Avci (1] given in
63.3.4, we determine optimum tool allocations, machining parameters, machine
hour and actual tool requirements and the resulting costs [or the lot sizes of

Q1 ip and Qap,p, il Q21, > 0. In step 4, for any alternative k of any part p,
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using the cost, tool and machine hour requirements for @y, and @y, we
determine total cost, total tool and machine hour requirements. At the end
of first four steps we generate a set of alternatives for all parts. In step 5, we
find the lower bound solution by selecting the alternative with minimum cost
[or every part p € P, and if this solution does not violate machine hour and
tool availability constraints, then the solution is optimum, so we stop. In step
G, we preprocess the available alternatives to reduce the search space. For any
part p, an alternative t € K, is dominated, if there exists another alternative
k € N, that is no worse than alternative ¢ in terms of cost, machine hour and
tool requirements. In step 6.1, we eliminate such dominated alternatives. In
step 6.2, we eliminate the alternatives exceeding either tool or machine hour
availability limits. I'inally, in step 7, we solve the 0-1 IP formulation to find

optimum combination of alternatives.

4.4 Numerical Example

In this example problem, there are two parts and they require the first four
tool types with technological data presented in Table A.8. The other detailed
input data related to the tools and parts are presented in Tables A.1, A.2, A.3,

At and A5,

In the lirst two steps of the algorithm, the possible lot sizes and alternative
production schedules for parts are determined. In step 3, we determine
optimum machining conditions and tool allocations for lots that appear in
an alternative production schedule of any part. For each alternative, we find

total cost, time and requirements of each tool type in step 4.

Data related to all possible alternative production schedules obtained at
the end of first four steps are summarized in Table 4.1. The actual tool
requitements for alternatives of parts 1 and 2 are given in Tables A.G and
AT, tespectively. The detailed cost and time components for alternatives of

part 2 are illustrated in Figures 4.3 and 4.4, respectively.
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Part 1 Part 2

kol Quep | Qanp | 7ho | Chp Hyp || Quip | Q2ip | 700 | Chyp .
L 50 0 1| 178.1 | 273.1 || 45 0 I [ 137.5 | 152.2
2 25 0 2 11322 ]193.3 || 22 23 I ] 124.0 | 163.5
3 16 18 2 | 133.8 | 184.8 | 15 0 311112 | 176.2
4 12 14 3 1126.2]193.2 | 11 12 3] 120.3 | 189.4
5 10 0 5 | 132.2 | 199.0 9 0 5 | 129.6 | 204.0
6 9 5 5 | 142.1 | 209.2 8 5 5 | 140.9 | 218.7
7 8 10 5 | 142.0 | 209.2 7 10 5 | 140.9 | 218.7
8 7 8 6 | 151.4 ] 2194 6 9 6 | 151.7 12334
9 6 8 7 | 161.2 | 229.7 5 0 9 | 173.4 | 262.8
[0 5 0 10 | 180.7 | 250.1 4 5 10 | 196.4 | 292.1
[1 4 6 11 | 201.2 | 270.5 3 0 15 | 241.9 | 350.8
12 3 2 16 | 252.1 | 321.6 2 3 21 | 322.4 | 452.1
13 2 0 25 | 334.2 { 403.4 1 0 | 45 | H84.1 | 778.9
14 1 0 50 | 590.9 | 653.6

We skip step 5 in order to explain the remaining steps. In step 6.1 we
eliminate dominated alternatives 5, 6, 7, 8,9, 10, 11, 12 and 13 for part 1 and

1,5,6,7,8,9, 10, 11 and 12 for part 2. Among remaining alternatives, we

Table 4.1: Alternative Production Schedules

climinate alternatives 14 of part 1 and 13 of part 2 due to tool availability in

step 6.2. Finally, in step 7, we construct and solve following 0-1 IP formulation

1o find the best combination of alternatives.
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Min 1781211 + 132.2291 + 133.8231 + 126.224y + 137.5215 + 124.0255 + 111.224,
s.t. itz t it zg =1

Zigt 2op + 23 =1

L.Oz11 + 2.2291 + 3.3231 + 03241 + 1.0212 4+ 0.1295 + 0.123, <5

0.1z + 0.2291 + 0.323;) + 0.4247 + 2.1210 + 2,129 + 0.2z, < 3

21210+ 21290 + 0.2230 < 4

0.1z10 +0.122) + 0123 + 0.1z + L1z + 0.1299 4+ 0.2z,

273. 121y + 1933291 + 184.823; + 193.224 + 152.22(4

+ 163.5290 + 176.223, < 1000

IN

The solution of the above problem is as follows: zy = z3, = | giving
optimum cost of 237.4. This solution suggests to select alternatives 4 and 3 for
parts I and 2, respectively. Alternative 4 of part 1 proposes production of 3 lots
ol size 12 and one lot of size 14, whereas alternative 3 of part 2 corresponds to
3 equal lots of size 15. The detailed machining parameters and tool allocations
[or parts 1 and 2 are presented in Tables 4.2, 4.3 and 4.4. On the other hand,
il we solve the lot sizing and tool management problems separately using a
two-level approach, then alternative 2 will be the best solution [or both of the
parts giving a total cost of 256.2. Thus, we decrease the total production cost

by 7.9% by reducing the lot sizes.

Operation#t || Tool# | nijp | vijp Jiip | tmiyy | Uiip
1 2 1 |273.410.023 | 0.44 | 0.033
2 4 1 |229.3|0.021 | 0.87 | 0.035
3 2 1 249.5 [ 0.016 | 1.77 ] 0.068
4 1 1 }323.6 | 0.007 | 3.00 | 0.083

Table 4.2: Optimun Tool Allocations for the Equal Lots ol Part |
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— 4 — Machining, Non-Machining and Tooling Cost
- -@ - Inventory Iolding Cost

— -&— - Sctup Cost
—— Total Cost

Cost (S)

Alternative #

Figure 4.3 : The Detailed Analysis of Cost Components “for Part 2.

- - & - -Machining and Non-Machining Time
— 8@ — Sctup Time
—&— Total Time

Time (min)

Alternative #

Figure 4.4 : The Detailed Analysis of Time Components “for Part 2.
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Operation# || Tool# | nip | vijp | fisp | tmsy, | Uiy
1 2 L | 273.4]0.023 | 0.44 | 0.033
2 4 I 1229.3 10.021 | 0.87 | 0.035
3 2 1 |249.5 1 0.016 | 1.77 | 0.063
! 1 1 | 310.1 ] 0.006 | 3.14 | 0.071

Table 4.3: Optimum Tool Allocations for the Last Lot of Part 1

Operation# || Tool#t | nijp | vijp | fisp | twijp | Ui
1 4 L {3004 | 0.035 | 0.24 | 0.020
2 3 1 | 470.8 1 0.007 | 1.06 | 0.067
3 4 1 12305 )0.019 | 1.52 | 0.037
4 1 1 | 4354 10.016 | 2.07 | 0.041
5 2 L 12575 10.012 | 2.93 | 0.065

Table 4.4: Optimum Tool Allocations for Part 2

4.5 Computational Results

The algorithm presented in the previous section were coded in € language
and compiled with Gnu C compiler. The IP formulations in steps 3.3 and
7 were solved by using callable library routines of CPLEX MIP solver on
a Sparc station 10 under SunOS 5.4. In this section, the efficiency ol the
proposed algorithm were tested by comparing the total cost found by the
algorithm with the costs found by using a traditional two-level approach. In

a two-level approach, lot sizing and machining economics decisions are given
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Factors | Definition Low High
A Number of Parts 25 100
B Demand UN~[30, 50] | UN~[100, 200]
Y S/1 Ratio 3 10
D Tooling Cost UN~[3, 4] UN~[9, 10]
E Tool Availability 70% 90%
[ Assignment Matrix Random Clustered

Table 4.5: Experimental Factors

independently. In the first level lot size is determined by minimizing the sum
ol setup and inventory holding costs and this lot size is taken as an input by

the second level to find the tool management decisions.

There are six experimental factors that can affect the efficiency of our
algorithm, which are listed in Table 4.5. Both the number of parts and demand
level are most likely to affect the computation times and production costs.
The third factor is taken as S/I ratio such that the setup cost for each part is
equal to the S/I ratio times the inventory holding cost. The fourth and fifth
[actors specify the cutting tool cost for each tool type and the tightness ol
the tool availability constraints, respectively. The number of available tools
on hand is taken as 70% and 90% of the available tools for cach tool type at
low and high levels, respectively. The sixth factor determines the assignment
matrix, i.e. random or clustered. At the random level, each cutting tool
type can be assigned to a candidate tool set of each operation with an equal
probability. But in the clustered case the last operation of cach part is taken
to be finishing operation whereas the remaining operations to be roughing
operations. Since there are six factors and two levels, our experiment is 2° full-
[actorial design, corresponding to 64 combinations. The number of replications
[or each combination is taken as 5, giving 320 dilferent randomly generaled

runs.

Otlher variables were treated as fixed parameters and generated as follows:
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o System related parameters, C, = $0.5/min, HP,,q, = 5 h.p., and M H,, ..
= 60000 min.

o Operation related parameters, Gy, and L;, were selected randomly from
the interval UN~[1.5, 2.5] and UN~[5, 7] respectively, where UN stands
for the uniform distribution.

"

5).

e An upper bound on the available number of tools for each tool type were

e Number of operations per part UN~[3,

taken as a function of the factors A and B, namely part number and
demand level. In the low part number case, tool availability was 50 and
200 for low and high demand levels, respectively, and similarly in high
part number case, it was 150 and 600 for low and high demand levels,

respectively.

e The values of SFM;, and d;, were related with the assignment
matrix. For random assignment matrix, S M;,=UN~[30, 500] and
d;y=UN~[0.025, 0.3]. In the clustered case, there were two types of
operations, namely roughing and finishing. I‘or roughing operations,
S M;,=UN~[300, 500] and d;,=UN~[0.2, 0.3], and for the finishing
operation, SFM;,=UN~[30, 70] and d;,=UN~[0.025, 0.075].

e There are 10 different cutting tool types with technological coefficients
given in Table A.8, and other related parameters ¢, =UN~[0.75, 1] and

l,=UN~[1, 1.5].

e [nventory holding cost, h,, was selected randomly [rom the interval
UN~[L, 2]. Furthermore, the setup time, ts, = (S/I ratio) -UN~[L,
2] and setup cost, S, = (5/I ratio) - h,.

e Production rate for each part P, was found by dividing the available
machine hour to the total processing time for each part that was equal ta

the number of operations times the average processing time per operation.

In a two-level approach, a decision made at the lot sizing level without

considering 1ts impact on the tool management problem can lead either
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to infeasible or inferior results when we consider both the constraints and
parameters of the tool management problem. In fact, in our experimental
design 72 infeasible cases were observed among 320 randomly generated
problems, that is approximately 22.5% of all problems. Among these 72 cases,
two cases were due to the machine hour violation while remaining 70 cases
were due to the tool availability restriction. We summarize overall results of
the proposed joint approach along with the minimum, average and maximum
values for total production costs and, computation times in Table 4.6. It
should be noted that these cost values include all of the production related
costs, nanely machining, non-machining, tooling, setup and inventory holding
costs. In the same table we also presented percent improvements in cost terms
obtained over 248 comparable cases. Among these 248 cases, the maximum
improvement occurred for the case (01111 1), where zero and one correspond
to the low and high levels of each factor, respectively. The average computation
time to find an optimum solution is approximately one minute for the joint
approach. Turthermore, we improve the total cost by an average of 6.79%
over the two-level approach. A paired-t test was applied to the total cost
terms found by the two methods to test the statistical significance of their
difference. We found that t-value was 11.65 and the cost values were dillerent
with p < 0.000 significance. As we pointed out before, the two-level approach
resulted in 72 infeasible solutions among 320 problems, however these inleasible
cases were the ones that would increase the average improvement beyond 6.79%
il the two-level approach has found comparable [easible results. This fact can
casily be observed in Table 4.7, where we presented the number of infeasible
cases and minimum, average and maximum improvement percentages for the

most significant two factors on improvements.

We also applied a two-way analysis of variance (ANOVA) test on
the performance measures of total cost, computation time and percent
improvements. The significance levels (p) and I" values for these performance
measures against six factors are given in Table 4.8. As it was expected, all of
the factors except the fifth one, tool availability, were significant for the total

production cost with p < 0.000.
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Min. Avg. Max. | Out of
Joint Total Cost($) 1798.0 13310.6 49527.9 | 320
Joint Comp. Time (sec.) 5.66 63.40 226.90 320
Two-Level Comp. Time (sec.) || 0.01 0.87 10.36 320
Improvement (%) 0.74 6.79 19.11 248

Table 4.6: Overall Results of the Experimental Design

S/I Ratio

Low (Min., Avg., Max.)

High (Min., Avg., Max.)

Low (0.74, 1.63, 3.27 ) (2.78,6.68, 12.23 )

Demand No Infeasible Cases No Infeasible Cases
Level | High ( 7.32,10.55, 15.57 ) ( 5.15, 13.08, 19.11 )
28 Infeasible Cases 44 Infeasible Cases

Table 4.7: Percent Improvements and the Number of Infeasible Cases

Total Cost Comp. Time || Improvement
Factors F P F P r P

A 19013.5 | 0.000 || 1580.1 [ 0.000 4.0 | 0.046
B 15317.6 | 0.000 3.5 10.059 || 1048.5 | 0.000
C 689.2 | 0.000 0.1 [ 0.755 || 598.4 | 0.000
D 439.2 | 0.000 6.7 |0.010 || 61.8 | 0.000
I 0.1 0.871 | 38.3 | 0.000 8.1 10.005
I’ 55.7 | 0.000 || 166.8 [ 0.000 || 141.0 | 0.000

Table 4.8: I' Values and Significance Levels (p) for ANOVA Results
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Among these factors A and B directly affect the amount to be produced, hence
total cost of production whereas the third and fourth factors affect the setup
and tooling cost components of the total production cost, respectively. Finally,
the sixth factor affects the total cost of production due to the tool allocation

and consequently machining conditions decisions.

The ANOVA results for the computation time of our algorithm has shown
that the most important factors on computation times were the factors A, B,
D, IS and F. The factors A and B directly affect the size of the problem and the
factor D, affects the tool allocation decisions whereas the factor I& constrains
the number of tools on hand. The significance of factor [', assignment matrix,
depends on the fact that, in the clustered case the machining conditions
and tool allocation optimization problem is decomposed into two separate
problems for roughing and finishing operations, which reduces the number of
possibilities. All of the factors were significant on the percent improvements,
which also indicated the advantage of the proposed joint approach over a two-

level approach.

IFor the interaction of the factors, the combinations AB, AF and BI* were the
most significant ones for total cost, computation time and percent improvement

performance measures, respectively.

4.6 Summary

[n this chapter, alter formulating the mathematical model of the single period
joint lot sizing and tool management problem, we presented a new algorithin
to solve this problem. The proposed algorithm not only improved the overall
solution, but also prevented any infeasibility that might occur for the tool
management problem due to the decisions made at the lot sizing level. Thus, we
have shown that, the interface between the lot sizing and the tool management
problems is critical and these two problems should not be viewed in isolation.

Although the computational price of the two-level approach is less than the
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proposed joint approach, the joint approach dominates and gives much better

results than any fixed lot size approach due to the increased solution flexibility.

In the next chapter, we will discuss the multi period model of the joint lot
sizing and tool management problem, and after giving the mathematical model

ol this problem, we will present five alternative algorithms.



Chapter 5

Multi Period Model

[n multi period joint lot sizing and tool allocation problem, there is a
deterministic, but time-varying demand for every part. Actually, dynamic
demand case is more realistic compared to static demand case. In
manufacturing industry, due to the complexity of planning problems materials
requirement planning (MRP) based systems are used as a [ramework for
managing production. In such environments, lot sizing and tool management
decisions are given independently. The lot sizing problem is solved by MRP
systems, because this problem is considered as a planning problem and is
assumed to be solved at a higher level in an organization than is the tool
management problem, whereas the tool management problem is considered a
low level, detailed decision problem that should be solved after the lot sizing
problem. Consequently, these two problems are solved independently in a two-
level approach. However, the interface between lot sizing and tool management,
is critical and these two problems cannot be viewed in isolation. Since in such
two-level approaches lot sizes are predetermined prior to the tool management,
this might create empty feasible solution spaces and otherwise unnecessarily

limit the number of alternatives possible for the tool management problem.

['urthermore, there ave several key weaknesses related to the lot size and
capacity calculations in MRP systems. In these systems some uncapacitated

dynamic lot sizing procedures such as Wagner-Whitin, least unit cost and least

51
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period cost are used to solve the lot sizing problems. In these procedures when
lot sizes are determined, the production costs either are not taken into account
or treated as fixed parameters. Then the lot sizes proposed by these methods
arc checked by some capacity modules for capacity constraints assuming
lixed resource consumption rates. However, in machining environments unit
production rates and resource consumption rates are significant decision
variables and are functions of machining parameters. Therelore, a production
plan proposed by an MRP system may not only be suboptimal, but also be

infeasible.

[u this chapter, we will propose five alternative algorithms to find lot sizes,
tool allocations and machining parameters by integrating system, machine and
tool level decisions [or multi period dynamic demand case. The remainder of
this chapter is organized into six sections as follows. In the next section, we
will discuss the problem definition and the additional notation used throughout
this chapter. In §5.2 a mathematical model of the problem is introduced.
The proposed algorithms are described in §5.3. A numerical example and the
computational results of an experimental design are presented in §5.4 and §5.5,

respectively. Ifinally, this chapter concludes with a summary in §5.6.

5.1 Problem Definition and Notation

[n an automated machining environment consisting of a single CNC turning
machine, we want to solve lot sizing and tool management problems
simultancously, in order to determine the decision variables defined in §3.1.
I’he following assumptions are made in addition to the assumptions given in

§3.1.
o There are multiple periods and deterministic, but time-varying demand
for every part in every period.

o If production takes place for part p in a period [, then the entering

inventory of part p for period ¢ must be zero.
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e lIind of period inventory levels are considered in inventory holding cost

calculations.

The following notation is used in addition to the notation given in §3.3.1.

Parameters :

dip

l)y)/. .
(_l',jP .

hope

[,
J

Jip
L,
M
MII, .
Ni

[)

SITM,, :

Ot
:Sp[, .

A

/,.‘47)5 .

Yijp

: Depth of cut for operation 7 of part p, (in.)

Demand for part p in period ¢, (parts)
Diameter of the generated surface for operation ¢ of part p, (in.)

Inventory holding cost of part p in period ¢, ($/part/period)

: Set of all operations of part p

: Set of the available tool types

Set of the candidate tool types for the operation 7 of part p
Length of the generated surface for operation ¢ of part, (in.)
A very large positive number

Maximum available machine hour in period ¢, (imin)

Number of available tools of type j in period ¢

: Set of all parts

Maximum allowable surface roughness for the operation 7 ol part p,
(pin.)

Setup cost for production of part p in period ¢, ($/lot)

: Set of all periods

Setup time for production of part p in period ¢, (min/lot)

0-1 binary indicator which is equal to 1, if tool j is a candidate tool

for operation ¢ of part p

Decision Variables :

( ;1/)1,1\:

Jijpe

IIy)M:

/1 (;"/)I.A:
Ililr

Ky

: Total cost for alternative k of part p in period ¢, (%)

: TFeed rate for operation ¢ of part p using tool j in period ¢, (ipr)

: Total machining and non-machining time for alternative & of part p in
period ¢, (min)

: "Total inventory holding cost for alternative k& of part p in period £, (%)

. Inventory level of part p at the end of period ¢, (parts)

: Set of feasible alternatives of part p in period ¢
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/‘/lpl,l\::

Nijpt -

Yigpt -

(2]){. :
(Jy){/.: :

rp

pth +
v 0 Cutting speed for operation i of part p using tool j in period £, (fpm)

Tigpt -

Y /7) 4

pth -

5.2

Total machining, non-machining and tooling cost for alternative k of
part p in period ¢, ($)

Number of tool type 3 required for completion of operation 4 of part
p in period ¢

Number of times that an operation 7 of part p can be perlormed hy a
tool type 7 in period ¢

Lot size for part p in period ¢

Lot size for alternative & of part p in period ¢

Total time requirement for alternative & of part p in period ¢, (min)

0-1 binary decision variable which is equal to 1, if tool j is assigned to

operation ¢ of part p in period ¢

: 0-1 binary decision variable which is equal to 1 , il ¢),; > 0

0-1 binary decision variable which is equal to 1 , if alternative & is

selected for part p in period ¢

Mathematical Model

A mathematical formulation of the problem can be as follows:

Minimize Z Z Syt Yo + Z Z bt L + Z Z D,.C, Z Z Cijpt-bong

peP el peP teTl peEP LET i€lp jed
Z Z Co-Ypt Z Z ijpt((Mijpe — 'l‘)'trj + ;) +
pel tel’ iEI]) Jj€d

- . 7 v
Z Z th Z }: a/i.nn'th-Uzwt-(/tj

peEP teT iel, jeJd

Subject to:

e Production and Inventory Balance Constraints :

Qui+ Lyt — Ly = Dy, for everype P, LT

Qu < M -Y, foreverype P, LeT
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fia §
n

o Machine Hour Availability Constraints :

Z Dpt Z Z xijpt'tm,j,,t + Z Y;;t Z Z :U'i;jpt-((nijpt - 1)111 + tlj) +

peP iel, jeJd peP €l j€J
Z bsp Y < M1, for every t € T
pepP

e 'lool Assignment Constraints :

Z’lu)t You=0,foreveryie l, , pe P, teT
JEJS

Z Z — Yijp)-Tijpr = 0, for everype P, t €T
tely ged

e Tool Availability Constraints :

S 3 i QueUiipe < Ny, for every j € J, L€ T

pEP i€l

e Tool Life Constraints:

igpe-Uijpr Qi < 1, foreveryi € I,, g€ J,pe P, teT

e Machine Power Constraints:

iipt-Chpe v”pt /‘”pt < HPyun, foreveryie [, 7€ J,pe P, LeT

e Surface Roughness Constraints :

Tt Cy 08 j,,p, < SFM;, foreveryee l,, e J,pe P, lel

e Nonnegativity and Integrality Constraints:

Vit >0, [ijpe>0loreverype Poeel,,jed,tel

Nijpts (e NONNegative integers for every pe Poi e l,, je J, L €T

Xijpt, Ypr binary integers for every pe P,i€ [, j€ J, L €T

[n this nonlinear MIP formulation, the objective function is composed

ol setup, inventory holding, machining, non-machining and tooling costs,
respectively. The first set ol constraints are production and inventory bhalance

constraints in which both the amount of inventory left in stock at the end of

cach period and the demand in each period are supplied by either the amount
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ol production in each period or the amount of inventory carried over from the
previous period. The second set of constraints ensures that for cach period
total time required, which is composed of machining, non-machining and setup
time components, does not exceed available machine hour. The third set of
constraints represents the operational constraints which guarantee that if a
certain part is produced in a given period, i.e. Y, = 1, then cach opcration
of this part is assigned to a single tool type of its candidate tools set. The
fourth set of constraints ensures that total tool requirement docs not exceed
the amount of tools on hand. The fifth set of constraints guarantees that
machining time for an operation does not exceed available tool life and finally
the last two sets of constraints represent usual machining operation constraints.
The surface roughness presents the quality requirement on the operation and
the machine power constraint ensures that machine tool operates without being

subject to any damage.

5.3 Algorithms

T'he constraints and the decision variables for lot sizing, tool allocation
and machining conditions interact with each other. In order to solve these
interrelated problems simultaneously, we propose five alternative joint solution
algorithms. The first algorithm finds the global optimum solution, whereas
the other ones are heuristics and cannot guarantee optimality. The underlying
reasoning for all of the algorithms is similar and will be explained on the
first algorithm. In this algorithm we first relax the machine hour availability
constraint, which can be called a coupling constraint among the parts. [or
the reduced problem, we then relax the set of tool availability constraints.
In this resource directed decomposition procedure, we first find the optimum
machining conditions for every possible operation-tool pair and select the
tool that gives the minimum cost by using the single machining operation
problem (SMOP) as a key. This provides a lower bound for tool allocation
and machining conditions optimization problem. Afterwards, we impose the

relaxed constraints. consequently, the nonlinear MIP formulation with several
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set ol constraints given in the previous section is polynomially transformed to

a much simpler [P formulation.

The steps of the first algorithm can be summarized as follows. In step 1,
we determine all alternative lot sizes. An alternative number & for a period /
means that, production in period ¢ satisfies cumulative demand of & periods

T| =1+ 1] for any

including period ¢. Therefore, k is in the range of [1,---,

T'| denotes the cardinality of the set 1. In step 2, for the

period ¢, where
possible lot sizes found in the first step, we solve tool allocation and machining
conditions optimization problem using the algorithm given in §3.3.4. In step
3, we calculate total cost and machine hour requirements for alternative lot
sizes, and fnally in step 4, we construct and solve an IP formulation to find

the optimum solution.

In the second and the third algorithms, we reduce the search space using
cither least unit cost (LUC) or least period cost (LPC) as a criterion. In these
algorithms iteration number of step 2.2 is considerably smaller depending on
problem data, which in turn shrinks the size of the IP formulation in final step
ol these algorithms. In these algorithms, we determine all possible lot sizes
similar to the first algorithm, however in the second step of these algorithms we
stop solving the tool allocation and machining conditions optimization problem
in step 2.2, when we reach a local minimum for cost per unit or cost per period
measures. In these algorithms, although we may deviate [rom global optimum
due to the differences in capacity levels between periods, we gain considerably
from computation time. The last two algorithms are similar to the second
and third algorithms, however in these algorithms unlike the previous ones
we present the alternatives with minimum cost per unit and cost per period
values as the final solution without solving an IP formulation. A step-by-step

execution of all of these algorithms is given on a numerical example in §5.1.
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5.3.1 Exact Algorithm

In the first step we determine alternative lot size values for all parts and periods.
In step 2.1, the available tools are divided among the parts according to their
requirements of each type and then in step 2.2, for the lot sizes found in step
I we use the algorithm presented in §3.3.4 to determine the optimum tool
allocations and machining conditions. When the while loop in step 2.2 is
executed for a lot k of a certain (p, ¢) pair, the algorithm in §3.3.4 may not be
able to find a [easible solution due to the insufficient machine capacity. In this
case, we do not need to check for larger lot sizes and exit the while loop in order
to continue with another (p, t) pair. In the third step, we compute total cost
and machine hour requirements for all feasible alternatives, and linally in step

1, we solve an IP formulation to find the optimum combination of alternatives.

e Step 1: (Determination of Possible Lot Sizes)
or every p € P and t €T
Set k=1

While (k < |T|—t+1)
t+k—1

(L)y)t.k: Z DPT

r={

h=k+4+1

o Step 2: (Dctermination of Tool Allocations and Machining Conditions)

— Step 2.1: Determine approximate tool allocations such that N, =

Ni D viinl D D yigp for every pe Pyt € T and j € J.
i€l, peP icl,

— Step 2.2: Foreveryp€ PandteT
Set k=1, Kp =10
While (k < [T =t +1)

* Call tool allocation and machining conditions optimization
algorithm presented in §3.3.4 with Q) = Quu, N; = Nju Vj €./
and other necessary input parameters.

s I this algorithm finds a feasible solution, then set its output

consequence variables W, R; and H to My, R and H .,
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respectively and set Kp; = I,y U {k}, k= k + 1.

* [lse exit this loop to continue with another (p, t) pair.

o Step 3: (Determination of Total Cost and Machine Ilour Requirements)

For every p € P, t € T and k € K, find Cpy, T as follows:

k=1 s—1

* C/thk = A{[ptk + AS'pt + .['[(thk, Where _[:_[(thk = Z .I),,,(,- Z /).I_,.,.

s=t+1 r=i

* t[rplk = [Iptk + tSpt

e Step 4: Solve the following 0-1 IP formulation to find the optimum

combination of alternatives.

Minimize

Subject to:

2.2 2 Conzpu
peEPtel keK
Z zpik = 1 for every p € P

ke[\"})l
t—1

S i 3t 2 0 for cvery p € P, 1= 2,1

kEK i r=1

Z Z Rtk 2pt < Nj forevery L €T, 5 € .J
PEP keK

Z Z Towk-2pthe < M H, for every t € T
peEP kEI\’pt

zpp € {0,1} foreverype P, Lt €T, k€ K,

/lll

?

[n the above formulation the first set of constraints ensures that for each

part p exactly one alternative is selected for period 1, since we do not

allow backlogging. By the second set ol constraints, it is guaranteed

that for each part demand is satisfied and finally the last two sets of

constraints ensure that tool and machine hour availability limits are not

exceeded, respectively. In this IP formulation denoting the total number

of parts, periods, and tool types by P, 1", and J, respectively, it is casy

to sce that the number of integer variables and the number of constraints

are bounded by P T (T 4+ 1)/2 and T (1 + P + J), respectively.
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5.3.2 Look Ahead-LUC (LA-LUC) Algorithm

In this algorithm, initially we determine all alternative lot sizes similar to the
previous algorithm. In step 2.1, we divide the available tools among the parts
and then in step 2.2 for the lot sizes found in step 1, using the algorithm given
in §3.3.4, we determine optimum tool allocations and machining conditions. At
cach iteration of step 2.2, we compute LUC for any alternative k. If we rcach
a local optimum for LUC criterion then we stop, and continue with another
part. and period. At the end of the first two steps, we get a reduced set of
alternative lot sizes and finally, in step 3 we solve an IP formulation to find

the optimum combination of available alternatives.

e Step 1: The same as in Exact algorithm.
e Step 2: (Determination of Tool Allocations and Machining Conditions)

— Step 2.1: The same as in [ixact algorithm.
— Step 2.2: Foreveryp€e Pand teT

Set k=1, Ky =0, and LUC = o0

While (k < |T'| =t +1)

* Call the algorithm presented in §3.3.4 with ) = Quu, N; =
N;,e V3 € J and other necessary input parameters.

# If this algorithm finds a feasible solution, then sct its output
consequence variables W, R; and H to My, R and [y,
respectively and compute Cpy and Ty as in step 3 of Exact
algorithm.

- If G2 < LUC then
set LUC = %ﬁ, Ky =Ky, U{k},and k =4+ L.
. Iilse exit this loop to continue with another (p, ) pair.

* [lse exit this loop to continue with another (p, ) pair.

e Step 3: Solve the IP formulation as in Step 4 of Ixact algorithm to find

the best combination of alternatives.
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5.3.3 Look Ahead-LPC (LA-LPC) Algorithm

This algorithm is similar to the LA-LUC algorithm, except thal, here we use

LPC instead of LUC as a criterion to reduce the search space.

e Step 1: The same as in Exact algorithm.
e Step 2: (Determination of Tool Allocations and Machining Conditions)

— Step 2.1: The same as in Exact algorithm.
— Step 2.2: [oreveryp € PP andteT

Set k=1, Ky =0, and LPC = o0

While (k < |T|—-t+1)

* Call the algorithm presented in §3.3.4 with Q = Quu, N; =
Nj, V3 € .J and other necessary input parameters.

« [ this algorithm finds a feasible solution, then set its output
consequence variables W, R; and H to My, I and [,
respectively and compute Cpy and Ty as in step 3 of lixact
algorithm.

- If 9’;‘—" < LPC then
set LPC = 91,’%’”—, Ky =K, U{k},and k=k+ 1.
- Blse exit this loop to continue with another (p, £) pair.

* Dlse exit this loop to continue with another (p, t) pair.

e Step 3: Solve the IP formulation as in Step 4 of Lixact algorithm to find

the best combination of alternatives.

5.3.4 Single Pass-LUC (SP-LUC) Algorithm

This algorithm is similar to the LA-LUC algorithm, except that instead of
solving the IP formulation in step 3 of LA-LUC algorithm to determine the
final solution, we present the alternatives with minimum LUC values as the

final solution.
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o Step 1: The same as in Exact algorithm.
o Step 2: (Determination of Tool Allocations and Machining Conditions)

— Step 2.1: The same as in Exact algorithm.
— Step 2.2: Foreveryp€e Pandt e T

Set k=1, Ky =0, and LUC = o

While (k < [T'|-t+1)

* Call the algorithm presented in §3.3.4 with Q) = Q,u, N; =
N;ye V3 € J and other necessary input parameters.

+ If this algorithm finds a feasible solution, then set its output
consequence variables W, R; and H to My, Rjuu and H,y,
respectively and compute Chy and Ty as in step 3 of Exact
algorithm.

- If (—3’;—: < LUC then
set LUC = G2, Koy = I U {k}, and k =k + L.
. Else exit this loop to continue with another (p, ¢) pair.

* Ilse exit this loop to continue with another (p, £) pair.

e Step 3: Instead of solving the IP formulation as in Exact and Look
Ahead algorithms, we find the final solution as follows:
[or every p € P
Sef t =1
While (¢ < |T))

. . Coik
+ Find » :a,rgl‘l’lll'lkel(pt{az;i—;

* Set zp, =land t =t 47

5.3.5 Single Pass-LPC (SP-LPC) Algorithm

'his algorithm is very similar to the previous algorithm, except that in Step
2.2 instead of LUC, we use LPC as a criterion to add an alternative & to the

Lol

sel K.
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e Step 1: The same as in Exact algorithm.
o Step 2: (Determination of Tool Allocations and Machining Conditions)
— Step 2.1: The same as in Exact algorithm.
— Step 2.2: loreveryp€ Pandtel
Set k=1, K,y =0, and LPC = o
While (£ < |T| -t + 1)

* Call the algorithm presented in §3.3.4 with Q = Quu, N; =
Nj,e Vi € J and other necessary input parameters.

* I[ this algorithm finds a feasible solution, then set its output
consequence variables W, R; and H to My, R,y and Il,,,
respectively and compute Cpy and Ty as in step 3 of Fxact
algorithm.

- If gk‘L’ < LPC then
set LPC = 21:_;., Ky =Ky U {k},and k =4+ L.
- Else exit this loop to continue with another (p, ) pair.

* Llse exit this loop to continue with another (p, ¢) pair.

e Step 3: Instead of solving an IP formulation as in Exact and Look Ahead
algorithms, we find the final solution as follows:
For every p € P
Set =1
While (¢ < |T))
x Iind » =a.rgmink€1\'-m{%ﬁ}

* Set zye =l and t =1+ 7

5.4 Numerical Example

In this section, we will discuss the detailed execution of all of the algorithms
over an example problem. In this problem, there are five parts and they require

the first six tool types with technological data given in Table A.8. All of the
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Alternatives#t (k)
Period#(t) || 1 | 2 3 4 ) 6 7 8
1 40 | 65 | 95 | 125 | 155 | 175 | 215 | 260
2 25 | 55| 85 | 115 [ 135 | 175 ] 220
3 30|60 | 90 | 110 | 150 | 195
4 30160 ) 80 | 120 | 165
) 30150 90 | 135
6 20 | 60 | 105
7 40 | 85
8 45

Table 5.1: Alternative Lot Sizes (Qpu) for Part 1

Alternative# (k)

Period#(1) 1 2 3 4 5 6 7 8
- 1 78.6 | 149.6 | 264.2 | 412.2 | 590.8 | 726.4 1033.5 | Infeasible

2 51.3 | 152.1 | 294.5 | 483.4 | 632.4 | 985.5 | Infeasible

3 58.5 | 133.6 | 238.6 | 327.1 | 541.7 | 841.0

4 56.4 | 136.4 | 208.9 | 400.5 | 682.9

) 62.2 | 129.1 | 324.0 | 639.3

6 38.5 | 133.8 | 301.0

7 75.4 | 211.3

8 105.7

Table 5.2: Total Cost (Cy) Values for Lot Sizes of Part |
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detailed data related to the tools and parts are presented in Tables B.1,
B.2, B.3 and B.4. Machine hour availabilities for periods 1 through 8 arc

(2600, 2300, 2400, 2400, 2500, 2500, 2400, 2200), respectively.

In the first step of Exact algorithm, we find the possible lot sizes for all
parts and periods. In step 2, we determine optimum machining conditions
and tool allocations for any period of any part as long as a feasible solution is
found. In the next step, we determine total cost and machine hour values for
the lot sizes for which tool allocation and machining conditions optimization
gives a [easible solution. The possible lot sizes (Q),u) and corresponding cost
() values for part 1 obtained at the end ol first three steps are presented
in Tables 5.1 and 5.2, respectively. The machine hour requirements (7,,,) for
these lot sizes are given in Table B.5. Finally, in step 4 of Exact algorithm we

solve an 1P formulation to find the optimum combination of alternatives.

In Look Ahead-LUC and Look ahead-LPC algorithms, we determine
possible lot sizes as in Exact algorithm, however unlike the Exact algorithm we
stop solving the tool allocation and machining conditions optimization problem

when we reach a local optimum for cost per unit and cost per period measures,

respectively. As an example, in Look Ahead-LUC algorithm for p = [ and
_ G O __ 786 __ - , Chis — 149.6 = 9 a are L eaperf s
=1, since 5o = 55 = 1.9 and O = s 2.3, we no longer iterate in

step 2.2 and consequently, Kyy contains only the first alternative. Similarly,
in Look Ahead-LPC algorithm for p = 1 and ¢ = 1, since %LL = @ = 78.6,
fuz = '—‘% = 74.8 and QL;-i = g%z = 88.1, Ky, contains only the [irst and the
second alternatives. In these algorithms, finally we solve an IP formulation to

(ind the best combination of available alternatives.

In Single Pass-LUC and Single Pass-LPC algorithms similar to the previous
two algorithms we determine lot sizes and solve tool allocation and machining
conditions optimization problems as described in previous paragraph. llowever,
in these algorithms we do not solve final IP formulation, instead we present
the alternatives with minimum cost per unit and cost per period measures as
the final solution. Thus, for p =1 and ¢ = 1 the proposed lot sizes for these

algorithms are Qi1 =40 and Q12 = 65, respectively.
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We also solved this numerical example using three well-known uncapaci-
taled lot sizing algorithms, namely Wagner-Whitin (WW), Least Unit Cost
(LUC) and Least Period Cost (LPC) algorithms. In order to find the solutions
proposed by these algorithms we used a two level approach. In the first level,
we found the lot sizes that minimized the sum of setup and inventory holding
costs and in the second level, the tool allocation and machining conditions
optimization problem was solved for the given lot sizes. The lot sizes proposed
by all joint and two-level algorithms are presented in Tables from B.6 to B.13.
The solutions and corresponding cost values for part 3, proposed by these
methods and our algorithms are presented in Table 5.3, as an example. l'or
this numerical example, the total cost values found by these methods and our
algorithms, in addition to percent improvements, calculated using the formula
below, arve given in Table 5.4.

. (TC - JC)
Percent Improvement = 100 - ———
JC
where JC and T'C denote the total cost values found using joint and two-level

methods, respectively.

Period #(¢)
Algorithm || L [ 2 [ 3 |4 [ 5|6 | 7|8 Cost
Ixact 55 0 | 45 | 45|45 | 20 | 45 [ 50 |} 293.38
LA-LUC |[55] 0 {45 |45 | 45|20 | 45 | 50 || 293.38

LA-LPC || 20 | 35 | 45 | 45 | 451 20 | 45 | 50 || 297.06

SP-LUC (|55 0 [45 [45 [45 |65 O | 50 || 294.14
50 || 297.98

SP-LPC || 20351454565 | 0 |45
651 0 195] 0 || 37041

WW 551 0 190 O
LUC 5500 190 0 |65 0 |95 0 | 370.41
LPC 551 0 {90 0 {651 0 [95| O || 370.41

Table 5.3: Proposed Lot Sizes and Total Cost Values for Part 3
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Exact | LA-LUC | LA-LPC | SP-L.UC | SP-L.PC

Cost || 2098.1 | 2099.0 2108.7 2104.2 2188.2

WW | 2590.2 || 23.4 % | 23.4 % 22.8 % 23.1 % 18.4 %
LUC || 2550.6 || 21.6 % | 215 % 20.9 % 21.2 % 16.6 %
LPC || 2585.7 || 23.2% | 232 % 22.6 % 22.9 % 18.2 %

Table 5.4: Total Cost Values and Percent Improvements

All of the algorithms proposed in this chapter consider only the production
plans having the integrality property, i.e. if production takes place for any
part in any period, then the entering inventory for that part in that period
should be zero. However, by combining presented single period and multi
period algorithms, further cost reductions can be realized. For this numerical
example, by giving the production plan proposed by Exact algorithm for period
8 as an input to the single period algorithm, we see that instead of making a
single lot of size 45 for part 1 in period 8, we can make two separate lots of
sizes 22 and 23 and reduce the cost of production for part 1 in period 8 from

105.7 to 85.3.

5.5 Computational Results

The algorithms presented in §5.3 were coded in C language and compiled with
Cnu C compiler. The IP formulations were solved by using callable library
routines of CPLEX MIP solver on a Sparc station 10 under SunOS 5.4. In
this section, the efficiency of the proposed joint algorithms were tested by
comparing the total costs found by these algorithms with the costs found by
using two level WW, LUC and LPC algorithms.

There are seven experimental factors that can affect the efficiency ol our

algorithm, which are listed in Table 5.5. Both the number of parts and demand

mean as well as demand variability are likely to affect the computation times
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Factors | Definition Low High
A Number of Parts 10 30
B Demand Mean (1) 10 30
; Demand Variability || UN~[0.9g, L.1g] | UNS[0.64, L4 g]
D S/I Ratio 2 6
I Tooling Cost UN~[3,4] UN~[9,10]
F Tool Availability Tight Loose
G Assignment Matrix Random Clustered

Table 5.5: Experimental Factors

and production costs. The fourth factor is taken as S/I ratio such that the
sebup cost for each part is equal to the S/I ratio times the inventory holding
cost. The fifth and sixth factors specify the cutting tool cost for each tool type
and the tightness of the tool availability constraints, respectively. Tightness of
the tool availability is likely to affect both computation times and production
costs, since if the tool availability constraint is violated for any tool type, we
need to solve the IP formulation to determine the optimum tool allocations and
machining conditions in the algorithm that we call in step 2.2. Furthermore,
the convexity of the production cost function is very sensitive to the tightness of
the tool availability constraint. The seventh factor determines the assignment
matrix, i.e. random or clustered. At the random level, each cutting tool
type can be assigned to a candidate tool set ol each operation with an equal
probability. But in the clustered case the last operation of cach part is taken
o be [(inishing operation whereas the remaining operations to be roughing
operations. Since there are seven factors and two levels, our experiment is
27 full-factorial design corresponding to 128 combinations. The number of
replications for each combination is taken as 5, giving 640 different randomly

generated runs. Other variables were treated as fixed parameters and generated

as follows:

e System related parameters, C, = $0.5/min, H P, = 5 hup.
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e Operation related parameters, Gy, and L;, were selected randomly from
the interval UN~[1.5, 2.0] and UN~[2.5, 3.0] respectively, where UN

stands [or the uniform distribution.
o Number of operations per part UN~[3, 5].
o There were 12 two-shift weekly periods, and M H, =UN~[4600, 5000].

e 'Tool availability for each tool type was taken as a function ol the [actors
A and B, namely part number and demand mean. In low cases of these
two factors tool availability was UN~[2, 3] and UN~[10, 15] for tight
and loose cases, respectively. In high cases ol these two factors tool
availability was UN~[9, 12] and UN~[45, 60] for tight and loose cases,
respectively. Whenever one of these factors was in low and the other was
in high case, tool availability was UN~[4, 5] and UN~[20, 25] for tight

and loose cases, respectively.

o The values of SFM,, and d;, were related with the assignment
matrix. Ior random assignment matrix, SFM;,=UN~[30, 500] and
dip=UN~[0.025, 0.3]. In the clustered case, there were two types of
operations, namely roughing and finishing. TFor roughing operations,
ST M;,=UN~[300, 500] and d;,=UN~[0.2, 0.3], and for the (inishing
operation, S M;,=UN~[30, 70] and d;=UN~[0.025, 0.075].

e There were 10 different cutting tool types with tecnological data given in

Table A.8 and other parameters ¢,,=UN~[0.75, 1] and {;, =UN~[L, 1.5].

e Weekly inventory holding cost for each part in each period, h,, was
selected randomly from the interval UN~[0.06, 0.08]. IFurthermore, the
sctup time, ts,, = (S/I ratio) - UN~[2, 3] and setup cost, S, = (5/I
ratio) - 50 - h,;, where the constant 50 is used to convert weekly inventory

holding costs into yearly equivalents.

In two level approaches such as WW, LUC and LPC, lot sizing decision
is given without considering its impact on the tool management problem,

which can lead to infeasible or inferior results when we consider both the
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Inf. Cases || Exact | LA-LUC | LA-LPC | SP-LUC | SP-LPC
WWwW 30 6.9 % 6.5 % 5.9 % 5.8 % 1.7 %
LUC 38 77 % 7.2 % 6.6 % 6.5 % 5.4 %
LPC 40 7.9 % 7.5 % 6.8 % 6.7 % 5.6 %
Table 5.6: Number of Infeasible Cases and Percent Improvements

lixact | LA-LUC | LA-LPC | SP-LUC | SP-LPC (| WW | LUC | LPC
Min. 21.5 1.2 1.2 1.0 1.0 0.1 0.1 0.1
Avg. | 117.2 54.9 53.7 54.3 53.1 5.2 5.4 5.4
Max. || 287.6 190.7 184.8 189.3 183.5 21.9 | 20.6 | 20.6

Table 5.7: Computation Time (sec.) Results for the Algorithms

constraints and parameters of the tool management problem. In Table 5.6,
we presented the number of infeasible cases that we encountered in the
experimental design out of 640 runs. In the same table, we also summarized the
percent improvements achieved over the cases for which these three algorithms
found feasible solutions. Although, there is a danger of infeasibility for the two
single pass algorithms, in our experimental design we did not cncounter any
such cases. The computation time results for joint and two-level algorithms are
presented in Table 5.7. Baker [3] has stated that the LPC algorithm is better
than the LUC algorithm for the lot sizing problem, however our computational
cxperiments indicate that the LUC-based algorithms perform better than the
I.P(-hased algorithms in machining environments for both joint and two-level

methods.

The statistical analysis of cost, time and improvement data obtained
from experimental design has shown that there is a 99% correlation between
our algorithms. Also, it was observed that on the average WW algorithm
gives better solutions compared to LUC and LPC algorithms. Therefore for

further statistical analysis we used our Exact algorithm and WW algorithm as



CHAPTER 5. MULTI PERIOD MODEL 71

representatives of joint and two level approaches. Among the 610 comparable
cases, the maximum improvement occurred for the case (0 1 01 0 0 0), where
zero and one correspond to the low and high levels of each factor, respectively.
We applied a paired-t test to the total cost terms found by these two algorithins
to check the statistical significance of their difference. We found that t-value

was 5.80 and the cost values were dilferent with p < 0.000 significance.

Total Cost Comp. Time Improvement

IFactors ’a » Ir P r P

A 49278.4 | 0.000 || 10580.1 | 0.000 || 6.2 ] 0.013
B 39093.3 | 0.000 6.6 0.010 || 705.1 | 0.000

C 0.0 0.990 1.1 0.287 || 7.4 | 0.007
D 1601.3 | 0.000 0.0 0.910 || 425.1 | 0.000
E 1613.3 | 0.000 58.8 0.000 || 495.1 | 0.000
r 51.2 | 0.000 44.2 0.000 || 131.0 | 0.000
G 181.7 | 0.000 || 1029.0 | 0.000 || 1.8 | 0.177

Table 5.8: I Values and Significance Levels (p) for ANOVA Results

We also applied a two-way analysis of variance (ANOVA) test on
the performance measures of total cost, computation time and percent
improvements. The significance levels (p) and [ values for these performance
measures against seven lfactors are given in Table 5.8. As it was expected, all
ol the [actors except the third one, demand variability, were significant for the
total production cost with p < 0.000. Among these factors A and B dircctly
alfect the amount to be produced, hence total cost of production whereas the
fourth and fifth factors affect the setup and tooling cost components of the total
production cost, respectively. The sixth factor, tightness of the tool availability,
alfects the structure of production cost function and hence the total production
cost. IMinally, the seventh factor affects the total cost of production due to.the

tool allocation and consequently machining conditions decisions.

The ANOVA results for the computation time of Exact algorithm has shown
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that the most important factors on computation times were the factors A, I8,
[" and G with p < 0.000 significance and the factor B with p < 0.010. The
factors A and B directly affect the size of the problem, whercas the factor
I constrains the number of tools on hand. The significance of factor (3,
assignment matrix, depends on the fact that, in the clustered case the tool
allocation and machining conditions optimization problem is decomposed into
two separate problems for roughing and finishing operations, which reduces the
number of possibilities. Almost all of the factors were statistically significant
on the percent improvements, which also indicated the advantage ol the Exact
algorithm and hence the other proposed joint algorithms, over two level WW,

LUC and LPC algorithms.

[‘or the interaction of the factors, the ANOVA results has shown that the
combination of the most significant factors were also significant. or example,
[or the 2-way interaction of the factors, the combinations AB, AG and BI
were the most significant ones for total cost, computation time and percent

improvement performance measures, réspectively.

S/I Ratio

Low (Min., Avg., Max.) | ligh (Min., Avg., Max.)
Low ( 0.70, 1.58, 3.20 ) ( 0.40, 5.38, 14.20 )
Demand No Infeasible Cases No Infeasible Cases
Level | High ( 0.10, 7.25, 21.50 ) ( 5.80, 14.95, 36.5 )
No Infeasible Cases 30 Infeasible Cases

Table 5.9: Percent Improvements and the Number of Infeasible Cases

As it can be seen from Table 5.6, WW algorithm resulted in 30 infeasible
cases, however these cases were the ones that would increase the average
improvernent of Exact algorithm over WW algorithm beyond 6.9% if the WW
algorithm has found comparable feasible results. This fact can be observed in
Table 5.9, where we presented the number of infeasible cases and minimum,
average and maximum improvement percentages for the most significant two

factors, namely demand mean and S/I ratio, on percent improvements.
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5.6 Summary

[n this chapter we have shown that there is a close relationship between the lot
sizing and tool management decisions. Therefore, these problems cannot be
viewed in isolation. Especially, in a two-level approach lot sizing decisions are
done prior to the tool management decisions, which unnecessarily restricts the
fcasible solution space for the tool management problems, consequently we may
end up with either infeasible or inferior results. We have proposed five solution
procedures for the joint problem. The first one is an exact algorithm which
guarantees the global optimality. The second and third ones are equipped with
a look ahead mechanism to guarantee at least local optimality. As it can be
scen [rom the previous section, LUC criterion gives better results compared to
LPC criterion in such tool management problems both in joint and two level
approaches. Among the algorithms especially, LA-LUC algorithm can be used
in MRP softwares to determine lot sizes in conjunction with the tool allocation
and machining conditions decisions. There are two advantages of the proposed
LA-LUC algorithm over the traditional two-level approaches. I'irst of all, we
guarantee that the lot sizing decisions will satisfy the tool management related
constraints, so that we ensure overall feasibility. Furthermore, it improves the

total production cost by 6.5 % on the average compared to WW algorithm.



Chapter 6

Conclusion

This chapter provides a brief summary of the contributions of this thesis and
addresses some possible extensions of this study for future research. In this
thesis, we have studied joint lot sizing and tool management problem for single
and multi period cases. We proposed new solution methodologies to find
optimal lot sizes, tool allocations and machining parameters by integrating
system, machine and tool level decisions for production of multiple parts
consisting of multiple operations in a CNC environment. In the next section, we

will make a short summary of the contributions we have made to this problem.

6.1 Contributions

We showed that the interface between the lot sizing and the tool management
problems is critical and these two problems cannot be viewed in isolation.
Because determining lot sizes prior to the tool management decisions might
create empty feasible solution spaces and otherwise unnecessarily limit the

number of alternatives possible for the tool management problem.

We have discussed single period joint lot sizing and tool management

problem, and proposed a new algorithm to solve this problem. In this

74
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algorithim, we considered the interaction components such as tooling costs,
production rates, tool and machine hour capacity constraints, between lot
sizing and tool management problems. Over a set of 320 randomly generated
problems, we tested the performance of our algorithm and have seen that the
inleasibilites were prevented and the total production cost was reduced on the
average by 6.8% compared to a traditional two-level approach. Although the
computational price of the two-level approach was less than the proposed joint
approach, the joint approach dominated and resulted in much better solutions

than two-level approach due to the increased solution fHexibility.

We also considered the multi period version of the joint lot sizing and tool
management problem. We proposed five new algorithms to solve this problem.
Over a set of 640 randomly generated problems, we tested all of our algorithms
and have seen that all of our algorithms reduced the total production cost
on the average by approximately 6.0% compared to some popular two-level
approaches. Among the algorithms that we presented, especially the second
one, look ahead-LUC algorithm, was the most promising one considering both
its improvement percentage and computation time. Because, by using this
algorithm instead of a two-level approach, we can guarantee that the lot sizing
decisions will satisfy the tool management related constraints, so that we ensure
overall feasibility. Furthermore, it improves the total production cost on the
average by 6.5% compared the Wagner-Whitin algorithm which showed the

best performance among all of the two-level approaches that we tested.

In various studies, LPC criterion has been reported to give better results
compared to LUC criterion. However, as a result of our experimental designs,
we can say that LUC criterion is a better choice than LPC criterion for both
two-level and joint approaches, when we consider the impact of lot sizing

decisions at the lower levels.
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6.2 Future Research Directions

At the end, there arc several future research directions emanating from this

research study as such:

The single and multi period algorithms that we presented can be
integrated. After solving the multi period problem, the production plan
proposed for each period can be given as an input to the single period
algorithm and further improvement can be achieved by dividing the
batches proposed by the multi period algorithm into smaller transfer

batches.
Backlogging case may be incorporated to all of the algorithms.

In this study we considered a CNC turning machine, however some other

machine types such as milling and drilling, may be considered.

[ntegrality property assumption in the multi period model may be relaxed
and the convexity of total production cost function may be used in order
to extend the possibilities for the lot sizes. In such an approach piccewise

lincarization of the production cost function may be a good starting point.

In this study we considered only a single CNC machine, however the scope
of the study can be extended by considering multiple CNC machines as
well as material handling systems.

Considering this study as a part of a sophisticated computerized
decision making system for automated manufacturing environments, the
interfacing of proposed algorithms to such a system can be considered as

a research suggestion.



Bibliography

(1]

Akturk, M.S. and Avci, S., “Tool allocation and machining conditions

optimization for CNC machines”, Luropean Journal of Operational

Research, 94/2 (1996) 335-348.

Andrew, K., Modelling and design of flexible manufacturing systems,

(1986), Elsevier, Netherlands.

Baker, K.R., “Requirements planning”, in: Handbooks in OR and M5
Y ? X K bl

Vol. 4, S.C. Graves, A.H.G. Rinnooy Kan and P.H. Zipkin (eds), (1993),

pp. H71-627, Elsevier Science Publishers.

Bard, J.F. and Feo, T.A.,“The cutting path and tool selection problem

in computer aided process planning”, Jowrnal of Manufacturing Systems,

S/ (1989) 17-26.

Bitran, G.B. and Yanasse, H.H., “Computational complexity ol the

capacitated lot size problem”, Management Science, 28/10 (1982) 1174-

[ 185.

Cattrysse, D., Maes, J. and Van Wassenhove, L.N., “Set partitioning and

column generation heuristics for capacitated lot sizing”, uropean Journal

of Operalional Research, 46 (1990) 38-47.

Cheng, T.C.E., Chen, Z.L. and Li, C., “Parallel-machine scheduling with

controllable processing times”, I Transactions, 28/2 (1996) 177-180.

Crama, Y., Kolen, A.W.J., Oerlemans, A.G. and Spieksma, 1°.C.R.,

“Minimizing the number of tool switches on a flexible machine”,

77



BIBLIOGRAPHY 78

[10]

[11]

[13]

14

International Jouwrnal of Flexible Manufacturing Systems, 6/1 (1994) 33-
H4.

Dixon, P.S. and Silver, E.A.; “A heuristic solution procedure for the
multi item single level limited capacity lot sizing problem”, Jowrnal of
Operations Management, 2/1 (1981) 23-39.

Dogramaci, A., Panayiotopoulos, J.C. and Adam, N.R., “The dynamic
lot sizing problem for multiple items under limited capacity”, AllF
Transactions, 13/4 (1981) 294-303.

Ermer, D.S. “Optimization of the constrained machining economics
problem by geometric programming”, Journal of Engincering for Industry,
93/4 (1971) 1067-1072.

Florian, M. and Klein, M., “Deterministic production planning with
concave costs and capacity constraints”, Management Science, 18 (1971)
12-20.

Ilorian, M. and Lenstra, J.K., Rinnooy Kan, A.H.G., “Deterministic
production planning : Algorithms and complexity”, Management Scicnce,
26 (1980) 669-679.

(lopalakrishnan, B. and Al-Khayyal, I., “Machine parameter selection
[or turning with constraints: an analytical approach based on geometric
programming”, International Journal of Production Rescarch, 29/9 (1991)
[897-1908.

Glorezyca, F.E., Application of metal culting theory, (1987), Industrial
Press Inc.

Clorham, T., “Dynamic order quantities”, Production and Invenlory
Management, 9 (1968) 75-81.

(iray, A.E., Seidmann, A.S. and Stecke, K.E., “A synthesis ol decision
models for tool management in automated manufacturing”, Manageinent

Science, 39/5 (1993) 549-567.



BIBLIOGRAPHY 79

(18]

[25]

Gunther, H.O., “Planning lot sizes and capacity requirements in a single
stage production system”, Furopean Journal of Operational Research,
31/2 (1987) 223-231.

Harris, I''W., “How many parts to make at once”, Faclory, the magazine
of management, 10/2 (1913) 135-136.

Johnson, L.A. and Montgomery, D.C., Operations Rescarch in Production
Planning, Scheduling, and Inventory Control, (1974), John Wiley & Sons
Ine.

Jones, P.C. and Inman, R.R., “When is the economic lot scheduling
problem easy?”, [IE Transactions, 21/1 (1989) 11-20.

Kirca, O. and Kokten, M., “A new huristic approach for the multi item
dynamic lot sizing problem”, Furopean Journal of Operalional Rescarch,
75 (1994) 332-341.

Koulamas, C.P., “Optimal lot sizing and machining economics”, Journal
of Operational Research Society, 41/10 (1990) 943-952.

Koulamas, C.P., “Simultaneous determination of the cutting speed and
lot size values in machining systems”, Furopean Journal of Operational

Research, 84 (1995) 356-370.

Kouvelis, P., “An optimal tool selection procedure [or the initial
design phase of a flexible manufacturing system”, Furopean Journal of

Operational Research, 55/2 (1991) 201-210.

Lasdon, L.D., and Terjung, R.C., “An efficient algorithm for multi item
scheduling”, Operations Research, 19 (1971) 946-969.
Love, S.F., “Bounded production and inventory models with piccewise

concave costs”, Management Science, 20 (1973) 313-318.

Manne, A.S., “Programming of economic lot sizes”, Management Science,

1/2 (1958) 115-135.



BIBLIOGRAPHY 80

[29] Salomon, M., Deterministic lot sizing models for production planning,
Lecture Notes in Iiconomics and Mathematical systems, (1991), Springer-

Verlag.

[30] Sarin, 5.C. and Chen, C.S., “The machine loading and tool allocation
problem in a flexible manufacturing system”, International Jowrnal of

Production Research, 25/7 (1987) 1081-1094.

[31] Silver, E.A., “Deliberately slowing down output in a family production
context”, International Journal of Production Research, 28/1 (1990) 17-

27.

[32] Silver, E.A. and Meal, H.C., “A heuristic for selecting lot size quantities
for the case of a deterministic time varying demand rate and discrete
opportunities for replenishment”, Production and Inventory Management,

14 (1973) 64-74.

[33] Sodhi, M.S., Askin, R.G. and Sen, S., “ A hierarchical model for control of
(lexible manufacturing systems”, Journal of Operational Research Sociely,

45/10 (1994) 1185-1196.

[34] Stecke, K.E., “Formulation and solution of nonlinear integer production
planning problems for flexible manufacturing systems”, Management

Science, 29/3 (1983) 273-288.

[35] Strusevich, V.A., “Two machine flow shop scheduling problem with
no wait in process: Controllable machine speeds”, Discrete Applicd

Mathematics, 59 (1995) 75-86.

[36] Tan, F.P. and Creese, R.C., “A generalized multi-pass machining model
for machining parameter selection in turning”, International Jouwrnal of

Production Research, 33/5 (1995) 1467-1487.

[37] Tang, C.S. and Denardo, E.V., “Models arising from a flexible manufac-
turing machine, Part [: Minimization of the number of tool switches”,

Operations Rescarch, 36/5 (1988) 767-777.



BIBLIOGRAPHY 81

[38]

[39]

[40]

[11]

43

4]

45

[16)

Tetzlaff, U.A.W., “A queueing network model for flexible manulacturing

systems with tool management”, [TE Transactions, 28/4 (1996) 309-317.

Thizy, J.M. and Van Wassenhove, L.N., “Lagrangean relaxation for the
multi item capacitated lot sizing problem: A heuristic implementation”,

[IF; Transactions, 17/4 (1985) 308-313.

Trigeiro, W.W., “A dual cost heuristic for the capacitated lot sizing
problem”, I1F Transactions, 19/1 (1987) 67-72.

Van Hoesel, C.P.M. and Wagelmans, A.P.M., “An O(71™) algorithm for
the economic lot sizing problem with constant capacities”, Management
Science, 12/1 (1996) 142-150.

Van Nunen, J. and Wessels, J., “Multi item lot size determination and
scheduling under capacity constraints”, European Journal of Operational
Research, 2/1 (1978) 36-41.

Van Wagsenhove, L.N. and De Bodt, M.A., “Capacitated lot sizing for
injection molding: A case study”, Journal of Operational flesearch Socicly,
34/6 (1983) 489-501.

Veeramani, D., Upton, D.M. and Barash, M.M., “ Cutting tool manage-
ment in computer integrated manufacturing”, International Jouwrnal of

Flexible Manufacturing Systems, 3/4 (1992) 237-265.

Wagner, H.M. and Whitin, T., “Dynamic version of the economic lot size

model”, Management Science, 5 (1958) 89-96.

Wysk, R.A., Davis, R.P. and Tanchoco, R.M.A., “ Machining paramecter
optimization with lot size considerations”, AIIL Transactions, 12 (1930)
59-63.

Zangwill, W., “A deterministic multi product, multi facility production

and inventory model”, Operations Research, 14/3 (1966) 486-507.



Appendix A

TABLES of the SINGLE
PERIOD MODEL

82



APPENDIX A. TABLES OF THE SINGLE PERIOD MODEL 83

Tool# || ., by | Nj| Cy
1 091 |1.06 | 5 | 4.67

091 | 1.18 | 3 | 4.05
3 0.82 | 1.34| 4 [4.35
4 096 | 1.30 | 3 |4.99

S

Table A.1: Tooling Information

Tool#(j) Part 1 Part 2
1 ofLjofL|1f{o]Lj1]|0
2 tjfojrjoojrjojrjl
3 ofL1jojojtr(rfrf1io
4 01100 L]O]L1[O]O

Table A.2: Possible Operation-Tool Assignments for Parts

P ar t # (])) D P / P Sp [, S P J]J

1 50 [ 1.4 ]17.015.5 625
2 45 | 1.5 | 7.5 | 8.5 | 500

M Hypparw = 1000 min, Co = $0.5/min, and H Ppaax = 5 hp.
Table A.3: Data for Numerical Example



APPENDIX A. TABLES OF THE SINGLE PERIOD MODEL S4

Operation#(z) (| SFM, | diy | Gy | Ly
1 336.0 | 0.06 | 1.75 | 6.60
2 335.0 {0.24 | 1.63 | 5.20
3 342.0 ] 0.14 | 243 | 6.10
4 167.0 [0.30 | 2.31 | 5.10

Table A.4: Operation Data for Part 1

Operation#(z) || SFM;, | diyy | Gip | Lip
1 229.0 1 0.05 | 1.60 | 6.50
2 110.0 | 0.05 ] 1.60 [ 6.50
3 308.0 |0.27 [ 1.58 | 5.10
1 148.0 1 0.04 | 2.44 | 6.50
5 264.0 [0.1911.93(5.70

Table A.5: Operation Data for Part 2

Alternative#t( k)

J l 2 3 4 5 6 7 8 9 10 11 12 13 11
Pl o4 | 2153271032044 (053 (053062071088 1.06 | L.50 221 |G.51
21 0.04 ] 0.15 ] 0.28 | 0.40 | 0.50 | 0.61 | 0.61 | 0.71 | 0.81 [ 1.0L | L.21 | 1.72 | 2.52 | 5.05
30 0.00 | 0.00 | 6.00 | 0.00 | 0.00 | 0.60 | 0.00 | 0.00 | 0.00 { 0.00 | 6.00 | 0.00 | 0.00 [ 0.00

0.00

410 0.02 007|011 (014 { 0.18 [ 0.21 [ 0.21 | 0.25 | 0.28 | 0.35 | 0.42 | 0.60 | 0.88

Table A.6: Actual Tool Requirements for Alternatives of Part 1
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Alternative#t( k )

Gl 2 L3 a5 |6 | 7| 89 |1w]| 1|21

W 1.04 { 0.08 | 0.12 | 0.17 [ 0.21 | 0.25 | 0.25 | 0.29 | 0.37 | 0.45 | 0.62 | 1.42 | 4.96
2 2.07 213020026 033039039046 ) 0.59]0.72 | 0.98 | 1.43 | 6.08
3020712141020 (028)035(042]042 0491063 | 0.77 { 1.06 [ 1.55 [ 0.00
4 1.06 1 0.11 | 0.17 [ 0.23 ] 0.28 | 0.34 | 0.34 | 0.40 | 0.51 | 0.63 | 0.85 | 0.83 | 0.00

Table A.7: Actual Tool Requirements for Alternatives of Part 2

j I i ¥ 1C; b c e Cn I h { Cs

’T 4.0 | 1.40 | 1.16 | 40960000 | 0.91 { 0.78 | 0.75 | 2.39 | -1.52 [ 1.00 | 0.25 | 204620000
2 || 4.3 ] 1.60 | 1.20 | 37015056 { 0.96 | 0.70 | 0.71 ] 1.63 | -1.60 | 1.00 | 0.30 | 259500000
o[l 3.7 1 130 ] 1.10 | 13767340 | 0.90 | 0.75 | 0.72 { 2.31 | -1.45 [ 1.0L | 0.25 { 202010000
4 3.7 1 1.28 | 1.05 | 11001020 [ 0.80 | 0.75 | 0.70 | 2.41 | -1.63 | L.05 | 0.30 | 205740000
5 | 4.0 1 1.26 | 1.05 | 48724925 | 0.80 | 0.77 | 0.69 | 2.54 | -1.69 | 1.00 { 0.40 | 204500000
6 1l 4.1 1 1.30 | 1.10 { 57225273 | 0.87 | 0.77 | 0.69 | 2.21 | -1.55 | 1.00 | 0.25 | 202220000
7371 1.30 | 1.05 | 13767340 | 0.83 | 0.75 | 0.73 | 2.32 | -1.63 | 1.01 | 0.30 | 203500000
8 381 1.20 | 1.05 | 23451637 | 0.88 | 0.83 | 0.72 | 2.32 | -1.55 | 1.01 | 0.18 | 213570000
94921165 1.20 56158018 | 0.90 | 0.78 | 0.65 | 1.70 | -1.54 | 1.10 | 0.32 | 211825000
101l 381 1.201 1.05 | 23451637 | 0.81 | 0.75 | 0.72 | 2.29 | -1.55 | 1.01 | 0.18 | 203500000

Table A.8: Technological Exponents and Coeflicients of the Available Tools
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APPENDIX B. TABLES OF THE MULTI PERIOD MODEL
Period#(¢)

Part#(p) 1 2 3 4 5 6 7 8
Dy il 40 1 25 | 30 [ 30 | 30 | 20 | 40 | 45

| Spe || 1031109 | 11.0 | 11.0 | 9.1 [10.2 | 8.7 | 8.2
bspe | 102 | 8.7 [ 7.5 1 9.3 | 111|105 ] 6.3 | 9.3
hpe || 0.14 | 0.15 | 0.15 { 0.15 | 0.12 ] 0.14 | 0.12 | 0.11

Dy || 30 30 45 25 50 45 20 25
2 Spe |l 93 95 101 96 | 9.5 | 10.7 | 8.6 | 10.3
tspe | 8.1 (102 93 | 63 | 69 | 7.8 |11.4 | 10.2
hye || 0.12 1 0.13 {1 0.13 | 0.13 | 0.13 | 0.14 | 0.12 | 0.14

Dyl 2035 45 | 45 [ 45 [ 20| a5 | 50

3 Spe || 7.8 1 9.7 | 86 | 11.2 | 11.1 | 81 | 88 | 8.2
tspe || 9.9 | 99 (102 6.9 | 11.4 | 11.7 | 11.1 | 6.6

hye | 0.10 1 0.13 | 0.11 [ 0.15 | 0.15 { 0.11 [ 0.11 | 0.1

Dy || 35 ] 35 | 50 | 20 { 50 | 45 | 50 | 30

1 Spe || 84 | 10.8 [ 11.0 | 87 | 10.4 | 10.3 | 10.9 | 10.1
tspe | 6.0 | 12.0 | 10.2 | 10.5 | 12.0 | L1.4 | 11.7 | 9.9
hye || 0.11 1 0.14 | 0.15 | 0.12 | 0.14 | 0.14 ] 0.15 | 0.13

Dy || 40 25 45 45 35 20 50 30

) Spe | 103 | 8.8 | 104 | 8.2 | 9.2 | 10.0 | 10.3 | 7.9
Lspe || 8.1 | 6.3 ] 6.0 [10.2] 6.9 | 8&7 [ 12.0 | 84

hye || 0.14 | 0.12 { 0.14 | 0.11 | 0.12 | 0.13 | 0.14 | 0.10

Table B.1: Cost and Time Data Related to Parts
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APPIENDIX B. TABLES OF THE MULTI PERIOD MODEL 38
Part#(p) || Operationg#(2) Tool# (7) SEM;, | diy, | G | Ly
1 L1001 f1]0 89.0 0.04 | 2.00 | 2.10

2 O[1]O0(O0]|L {1} 451.0 |0.10 | L.70 | 2.70

L 3 110]0[0 (0] 1] 427.0 |0.20 | 3.10 | 3.50
4 0{01010]1]0 45.0 0.10 [ 2.80 | 4.00

) L{L{ofofolil 204.0 | 0.11 | 3.20 | 2.60

1 O]1 10111010 333.0 [0.17] 1.60 | 3.20

2 Ly{1r;1(0ft1|o0 57.0 0.05 | 1.10 | 2.20

2 3 L{rjof1f1f1 226.0 | 0.09 | 2.70 | 2.10
4 O|1[O0[0])1{0O( 101.0 |0.04 ] 1.20|2.70

5 O L{1]1]0|L] 57.0 |0.26][2.60|3.30

1 1{0{0[0|[1]0] 176.0 |0.06 | 1.20 | 3.30

2 Ol1 10101 412.0 |0.03(3.00|3.20

3 3 L1O]J1T (110} 367.0 |0.12]1.00 | 3.50
4 oj1 |11 y1{o0 184.0 | 0.16 { 1.50 | 4.00

5 010101 [0] 236.0 |0.28]2.10]2.90

1 0|1L[0[0]0|0]| 409.0 |0.20 | 1.10 [ 2.20

1 2 L1oj1jolL I} 3630 |0.06]|3.202.20
3 L{Of{1[1]1]1] 251.0 |0.04(3.00|2.40

| L{1|/1]|0f1{0y 117.0 {0.30 | 3.20 | 3.30

5 2 LIL]O|1|1f{1]| 880 ]0.23](3.402.70
3 0{1[1[0]0]0¢{ 163.0 |0.27|1.303.10

Table B.2: Operation-Tool Assignments and Operation Data for Parts




APPENDIX B.

TABLES OF THE MULTI PERIOD MODEL

Period #(t)

Tool#(7) || 1 |2 (|3 |4 5|6 7|8
1 1101010 (129 (10| 7
2 128 10121118110
3 121101012 (12|11 }10| 8
1 ol y1op11 77411179
) 719 12|19 |11[10]9 ]9
6 mi12{1219 11048 (9 |12

Table B.3: Tool Availability
Tool#(7)
1 2 3 ) 6
Cy || 3.52 | 3.28 | 3.87 | 3.85 | 3.15 | 3.51
ti; | 0.9510.96 | 0.96 | 0.99 | 0.85 | 0.84
b, || 1.44 | 1.20 | 1.14 1.34 | 1.27 | 1.16

Table B.4: Tooling Information
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APPENDIX B. TABLES OF THE MULTI PERIOD MODEL 90
Alternative# (k)
Period#(t) l 2 3 4 5 6 7 8
l 139.7 | 253.6 | 466.2 | 736.6 | 1059.2 | 1302.6 | 1850.1 | Infeasible
2 88.4 | 260.2 | 527.8 | 879.4 | 1155.0 | 1805.5 | Infeasible
3 88.0 | 229.9 | 401.1 | 561.6 | 946.8 | 1485.6
1 92.6 | 230.1 | 364.6 | 715.5 | 1233.7
D 116.5 | 231.5 | 600.9 | 1198.1
6 59.5 | 232.9 | 523.6
7 125.4 | 358.7
8 196.3

Table B.5: Total Machine Hour (Tp) Requirements for Lot Sizes of Part |

Period#(t)
Part#(p) || L | 2 | 3 |4 |5 |67 |8
1 40 253030 |30 20|40 |45
2 3013045 |25(50|45{45] 0O
3 55| 0 |45 |45 | 4520 | 45 | 50
4 7000 [70]0[95] 018070
H 40 [ 25 {45 | 45 |1 35|20 { 50 | 30

Table B.6: Lot Sizes Proposed by the EExact Algorithm




APPENDIX B. TABLES OF THE MULTI PERIOD MODEL

Period#(t)
Part#(p) (| L | 2 |3 |4 (5|6 7|38
1 40 [ 25 |30 |30 |30 |20 (40 | 45
2 301304512550 |45 45| O
3 551 0 (45145 45|20 |45 |50
4 70007010 150 (45|80 0
3) 40 [ 25 | 45|45 | 35 20 | 50 | 30

Table B.7: Lot Sizes Proposed by the [.ook Ahead-LUC Algorithm

Period#(t)
Part#(p) || L | 2 ]3[4 ]5[6]|7]8
1 40 [ 25130 |30 [ 30 |20 | 40 | 45
2 30 [ 30 | 45 | 25 { 50 | 45 | 20 | 25
3 20 |35 |45 [ 45 | 45 {20 | 45 | 50
4 701 0 |[70] 0 |50 (45|80 | 0
5 40 |25 | 4545|3520 (50|30

Table B.8: Lot Sizes Proposed by the Look Ahead-LPC Algorithm



APPENDIX B. TABLES OF THE MULTI PERIOD MODEL

Period#(t)
Part#(p) || L | 2 {3 | 4|56 ] 78
1 40 | 25|30 | 30 | 30 | 20 | 40 | 45
2 3013045125 |50 |45 |45] 0
3 5510 | 4514545 (65| 0 |50
4 7010 {701 0 15095 0 |30
) 40 [ 25 14545 (35120 ] 50 | 30

Table B.9: Lot Sizes Proposed by the Single Pass-LUC Algorithm

Period#(t)
Part#(p) | L |2 |3 | 4[5 |6]7]8
1 65| 0 |30]30]30)20 |40 45
2 3013070 0 |50 )65 0 (25
3 20 1354545165 0 | 45|50
4 7000700901810
5 40 | 25 | 4545 |55 0 | 50 | 30

Table B.10: Lot Sizes Proposed by the Single Pass-LPC Algorithm



APPENDIX B. TABLES OF THE MULTI PERIOD MODEL 93

Period#(¢)
Part#(p) || 1 |2 3 4 [ 5 (6] 7|8
l 6510160 0 |50 [0]95]0
2 60 0|70 0 (95|00 |45]0
3 3510190 0 (65|10[95(0
4 70(0(70] 0 [95|0(80]0
5 650451100 0 |0O[80]0O

Table B.11: Lot Sizes Proposed by the Wagner-Whitin (WW) Algorithm

Period#(t)
Part#(p) || 1 {23 4|5 [6] 7 |8
I 65(0|6010|500[95]0
2 600|700 ]9510 (450
3 5510190 ]0]65]0(95]0
4 70/10(70]0[9[0]80]0
5 65(0(90|0(55/0|80|0

Table B.12: Lot Sizes Proposed by the Least Unit Cost (LUC) Algorithm
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Period#(t)
Part#(p) || L {2 3 |4 5 |6] 7 | 8
1 650|600 50 [0]95] 0
2 60 [0 70 [0 |115]0] 0 |25
3 55 (019010165 [{0[95] 0
4 7010]70]0] 95 |08 | 0
5 65101900 55 [0f{80| 0
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Table B.13: Lot Sizes Proposed by the Least Period Cost (LPC) Algorithm
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