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ABSTRACT

This study proposes a hierarchical planning model for the operational problems in
Flexible Manufacturing Systems (FMSs). The functional problems included in the model are
part type selection (batching), loading and scheduling. The top level of the hierarchy deals
with the batching decisions, the second level solves the machine loading and tool allocation
problem, and the lowest level determines machine and material handling equipment
scheduling. The batching and loading levels are formulated as linear mathematical models
where the loading model considers various objective functions. A Lagrangian relaxation
based solution approach is also applied to the loading level, and since it is not always
possible to obtain feasible solutions by this method, a Lagrangian heuristic is developed to
make the solutions feasible. On the other hand, the effect of aggregation/disaggregation of
information between the batching and the loading levels upon the feasibility of top-down
commands is of particular importance in the study. Finally in the scheduling level, a
dispatching algorithm is developed, and various dispatching rules are tested under various
performance criteria. In order to perform this ahalysis, some model parameters are varied,
and certain conclusions are drawn about these dispatching rules.



OZET

Bu caligmada, esnek iiretim sistemlerinde sz konusu olan operasyonel karariar
hiyerargik olarak planlayan bir model gelistirilmistir. Modele dahil edilen bu kararlar; parca
secimi, makina yiikleme ve cizelgeleme problemlerini kapsamaktadir. Ortaya koyulan
hiyerargik yapinin en iist seviyesi parca segimi, ikinci seviyesi makina ylikleme, en alt
seviyesi- ise makina ile malzeme tagima sistemlerinin cizelgelenmesi konularim
incelemektedir. Parca segimi ve makina yiikleme problemlerinin her biri igin bir dogrusal
matematik model gelistirilmig, makina yiikleme probleminde birden fazla amag¢ fonksiyonu
g6z Oniine almarak, model her bir amag fonksiyonu igin ¢oziilmiigtir. Ayrnica makina
yiikleme problemi icin Lagrange carpanlarimun kullamildigi alternatif bir ¢oziim yontemi
Onerilmig, fizibilite kogulunun saglanmadig1 durumlar icgin ise bir sezgisel gelistirilmigtir.
Hiyerarsinin en iist ve ikinci seviyeleri arasindaki bilgi aligverigi de ¢aligmada 6zel olarak ele
alinmig bir konudur. Hiyerarsik modelin en alt seviyesinde makina ve malzeme tagima
sistemlerinin ¢izelgelemesini yapan bir algoritma geligtirilmis ve c¢esitli performans
kriterlerine gore ¢izelgeleme kurallan deerlendirilmigtir. Bu iglemi yiiriitebilmek amaci ile
model parametrelerinde degisiklikler yapilmig ve son olarak da bu kurallarla ilgili birtakim
sonuglara varilmgtir.
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1. INTRODUCTION

The main aim of this study is to reveal the high interaction between the functional
decisions which are encountered in the planning of Flexible Manufacturing Systems (FMSs)
and to analyze them in a hierarchical model in the form of information exchange.

In an FMS, design and operational problems are of particular importance [1].
Design problems include selection of an FMS production system, a material-handling
system, fixtures and pallets, an appropriate computer system, and layout and integration of
all the above systems. Operational problems which are the main focus of this étudy consist
of batching, loading and scheduling subproblems. By means of the batching decisions, the
subset of parts which can be manufactured together during a shift with a common tooling can
be determined. Loading decisions assign all the operations of the parts included in a batch to
the machine centers. Scheduling problem is solved in order to define the sequence of parts in
the automated material handling system and in the machine centers. Since these problems are
sequential in nature, the main characteristics of them are also considered in a hierarchy in this
study. '

- The subproblems under consideration in this study tend to encompass all general
features inherent in an FMS and be applicable in a real life application without loss of
generality. In fact, a large number of test problems are generated and implemented in a
general purpose FMS set-up in order to measure the performance of the information
exchange process and the degree of interrelation between the levels.

The reason why FMSs among the production system types are considered in this
study is that these systems and the functional decisions that must be made in their planning
process have gained much importance since they are capable of integrating quality, speed and
flexibility which are the major requirements of the success of industrial firms in the intense
competition in the market.

In the 1940s, specific types of operations could be performed by the stand-alone
- machine tools such as lathes and milling machines. In the 1950s, numerically controlled
machines which could carry out a variety of operations were introduced to industry, and the
usage of these machines was disseminated in the 1960s. Later, by the development of
computerized machine controllers in the 1970s, computer numerically controlled (CNC)
machines were started being used. In the late 1970s, hierarchically controlled systems were
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developed, and direct numerical control (DNC) cells with computers controlling groups of
machine tools were introduced to manufacturing systems. Since 1980s, FMS and computer-
integrated manufacturing (CIM) systems concepts have gained worldwide attention, and
hundreds of these systems have been implemented around the world with Japan leading in
terms of the number of applications and associated management and organizational success

[1}.

An FMS incorporates a set of flexible machine tools, automated material handling
and storage systems and resources to be shared by part types such as tools, pallets, carriers
and fixtures into a single production system under the control of a computer system. The
material-handling system (usually automatic guided vehicles) provides the linkages between
the work-stations by interfacing with load/unload stations, fixture and pallet staging areas
and internal storage facilities. Most of the real time functions including down-loading the part
programs to control the machining operations and controlling part movements and cutting-
tool interchanges are coordinated by a central computer system which is interconnected by a
hierarchical control structure [2].

FMSs can be classified into groups depending on the number of numerically
controlled (NC) machines and their arrangement [1]. These groups are as follows:

(a) Flexible manufacturing module (FMM): It consists of an NC machine with a
part buffer, a tool changer and a pallet changer. Changers can also be replaced by a robot.
Figure 1.1 shows an FMM.

NC - MACHINE

PALLET
CHANGER

PART BUFFER

FIGURE 1.1. Flexible manufacturing module (FMM)

(b) Flexible manufacturing cell (FMC): It consists of several FMMs. It is possible
to design these cells according to product or process type of manufacture . An FMC is
illustrated in Figure 1.2.



FMM 1 FMM2
II AGV ll
FMM 3 FMM 4

FIGURE 1.2. Flexible manufacturing cell (FMC)

(¢) Flexible manufacturing group (FMG): A collection of FMMs and FMCs in the
same manufacturing area connected by a material-handling system forms an FMG which is
depicted in Figure 1.3. The manufacturing area may be fabrication, machining or assembly.

PART ~ PART
LOADING AGV [ ] AGV LOADING
AREA AREA
FLEXIBLE FLEXIBLE
MANUFACTURING MANUFACTURING
CELL 1 CELL 2
FLEXIBLE
MANUFACTURING

MODULE

FIGURE 1.3. Flexible manufacturing group (FMG)

(d) Flexible production system (FPS): An FPS in Figure 1.4 is formed when
several FMGs representing different manufacturing areas such as fabrication, machining and
assembly come together.
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STORAGE STORAGE
( AGV
FLEXIBLE FLEXIBLE
ASSEMBLY MACHINING
CELL GROUP

FIGURE 1.4. Flexible production systeni (FPS)

In this study, the overall decision process of FMSs consisting of the batching,
loading and scheduling subproblems is analyzed in a hierarchical model. Hence, the effect of
aggregation/disaggregation of information between the subproblems upon the feasibility of
top-down commands is of particular importance. Capacity information including the
machining and tool-magazine capacities is treated in an aggregate manner in the batching
level before the loading decisions are made, and the capacity aggregation is done so as to
ensure a feasible disaggregation in the loading level. These aggregatiori/disaggregation
operations are performed in an instruction-reaction tandem process sometimes with
imbedded anticipation preceding each instruction. Anticipation means that the top-level of a
hierarchical model considers the relevant characteristics of the base-level and take the effects
of these characteristics into account prior to making a decision. The top-level sends
information to the base-level sometimes after this anticipation process, and the information
which is a top-down influence of the top-level on the base-level is referred to as an
instruction. One cycle of such an information exchange ends with the reaction of the base-
level which is, in fact, a feedback to the top-level. In many cases, there are more than one
cycle which is called a tandem until the top- and base-levels agree upon a decision. The
sequence of all tandems build up a tandem process as the one between the batching and

* loading levels in this study.

The loading problem is formulated with different objectives as integer models with
many variables so that the problem becomes hard-to-solve. Thus, Lagrangian relaxation
methaod is applied to the model creating easier problems complicated by a relatively small set
of constraints. Since it is not always possible to obtain feasible solutions by this method, a



Lagrangian heuristic is developed to make the solutions feasible. The overall applications are
performed iteratively by improving the Lagrange multipliers by the subgradient optimization
procedure at each iteration.

Scheduling decisions form the lowest level of the hierarchy developed in this study.
This level obtains the necessary information from the loading stage which forms the upper
level of the scheduling problem. A dispatching algorithm is developed for this level, and the
effect of different dispatching rules on the performance measures of an FMS environment is
analyzed. In order to perform this analysis, model parameters are varied to create an AGV
bottleneck system. :

This study is organized as follows: Literature survey about the subproblems stated
above are presented in Section 2 of this study. Section 3 gives a general view about how the
hierarchical structure of these subproblems are formed and about the characteristics of the
FMS and of the material-handling system considered in this study. The top level of the
hierarchy, batching, is explained in detail in Section 4. Section S gives the structure of the
loading model. Lagrangian relaxation based solution approach to the loading problem is
studied in Section 6. Capacity aggregation which is an important relationship between the
batching and loading levels is fully examined in Section 7. Scheduling stage which
constructs the lowest level of the hierarchy is explained in Section 8, where an algorithm
developed for scheduling and several results obtained by the application of this algorithm are
also presented. Section 9 states conclusions about this study and provides extensions about
the subject for future study.



2. LITERATURE SURVEY

The hierarchical model analyzed in this study consists of batching, loading and
scheduling subproblems. Each planning function has been extensively studied in literature
with varying model formulations and solution approaches.

Co et al. [3] developed a mixed integer programming formulation which solved the
batching, machine loading and the tool-magazine configuration problems simultaneously,
and introduced a four-pass heuristic approach. Liang and Dutta [4] also presented an
integrated approach to simultaneously solve part selection and machine loading problems in a
class of FMSs. They developed a primary objective and secondary objectives and considered
each objective in one of their models. A Lagrangian relaxation based solution method,
incorporating the decomposition principle and column generation scheme, was also
developed. Co ez al. [3] and Liang and Dutta [4] introduced integrated approaches for the
part selection and machine loading problems to avoid inconsistencies caused by the conflicts
between the two sets of individually obtained solutions.

Hwan and Shogan [5] classified the FMS operations decisions as pre-release and
post-release decisions. They considered part selection problem among the pre-release
decisions and proposed a heuristic approach to model the realistic part selection problem.
They designed two models under this approach. The basic model considered only the tool
magazine capacity constraint while the second one considered both the capacity constraint
and the due-date constraints. They also developed a model taking the machine balancing
constraint into account. They introduced a solution structure with three methods, each one
embedded within another. The outside layer of the proposed structure was a branch-and-
bound procedure, where a number of subproblems would be generated and solved. In the
middle layer, each problem was processed by a number of subgradient iterations using the
Lagrangian relaxation method. In the innermost layer, a Lagrangian heuristic was called
when needed to provide a feasible solution to each subgradient iteration.

Shanker and Tzen [6] considered the loading pi'oblem with the bi-criterion objective
of balancing the work-load among the machining centers and meeting the due-dates of the
jobs. A mathematical model was developed and heuristic procedures were suggested.

Sarin and C‘h'en [7] developed a mathematical model to determine the routings of
parts through the machines and to allocate appropriate cutting tools to each machine to



achieve minimum overall machining cost. They also stated that the model could be viewed as
a quasi-generalized assignment problem which was considerably large in terms of variables
and constraints and was often hard-to-solve. Hence, they applied Lagrangian relaxation to
the model and discussed the computational refinements based on this approach.

Kirkavak and Dinger [8] introduced several objectives for the loading problem.
Maximizing the minimum target machine utilization was the first objective proposed, and
four heuristic solution techniques were presented to solve that model. The primary
formulation was later extended and two new models were developed. Minimizing the
difference between maximum and minimum machine utilizations and minimizing the number
of parts processed on different machines were the other objectives that were stated by the
new models.

Chen and Askin [9] developed a multi-objective loading problem considering
minimizing the maximum difference between machine utilizations, minimizing the inter-
machine part movements, maximizing the routing flexibility, minimizing the tool investment
and minimizing the maximum machine utilization. They also proposed loading heuristics
requiring three basic decision steps as selection of machine type for each operation, grouping
of machines within a machine type and assignment of tools and operations to machine
groups.

Stecke [10] presented a set of five production planning problems to be solved for
efficient use of an FMS, and addressed specifically the grouping and loading problems. The
loading objectives were (a) balancing the assigned machine processing time, (b) minimizing
the number of movements from machine to machine (the number of consecutive operations
on each machine), (c) balancing work-load per machine for a system of groups of pooled
machines of equal sizes, (d) unbalancing the work load per machine for a system of groups
of pooled machines of unequal sizes, (¢) filling the tool magazines as densely as possible,
and (f) maximizing the sum of operation priorities. Also five linearization methods were
introduced since almost all of the objective functions and some of the constraints were

nonlinear.

Kim and Yano [11] tried to allocate operations and tools to machines or machine
groups in such a way that work-loads of the machine groups were as close as possible to the
ideal work-loads subject to tool magazine capacity constraints and machine capacity
constraints. They also considered the fact that operations could share common tools, which
they called tool commonality. In order to solve the problem, they developed heuristic



algorithms which were modifications of various single-pass and multiple-pass algorithms for
multi-dimensional bin-packing problems.

Sodhi ef al. [12] classified FMS operating policies into two main categories. The
first category permitted dynamic tool changes while the second one consisted of static tool
change policies. They developed four types of policies for the second category. The first and
the second policy did not allow partial production, and the remaining two policies accepted
some successive operations to be performed in later time periods of the planning horizon. In
the first and the third policies, set-up costs were not considered while the others took these
costs into account. They also proposed a heuristic to solve the model for the policy which
did not allow partial production and which did not consider set-up costs.

Ram et al. [13] modeled the machine loading and tool allocation problem as a
discrete generalized network with some simple side constraints, and they developed an
algorithm to solve that model as a branch-and-bound procedure.

Leung et al. [14] addressed part assignment and tool allocation concurrently with
explicit considerations given to material handling issues, and they provided a basic planning
model formulated as a linear integer model with the objective of cost minimization. They also
introduced several altemative formulations to minimize the sum of total processing time and
material handling time and to balance the machine work-loads. '

Mukhopadhyay et al. [15] suggested a heuristic solution to the loading problem by
developing the concept of essentiality ratio for the objective of minimizing the system
unbalance and thereby maximizing the throughput.

The lowest level of the hierarchy proposed in this study determines machine and
material handling equipment scheduling, and there is a wide base of literature on this
problem. The literature considers two main subjects related to this problem; (a) approaches
for scheduling machines and material handling equipment and (b) dispatching rules that can
be used in the scheduling approaches.

, Sabuncuoglu and Hommertzheim [16] proposed an on-line dispatching algorithm

for the FMS scheduling problem. The algorithm they introduced used various priority
schemes and relevant information concerning the load of the system and the status of jobs in
the scheduling process. The scheduling decision process was hicrarchical in the sense that
different decision criteria were applied sequentially to identify the most appropriate part and
machine to be served.



Mukhopadhyay et al. [17] stated that the scheduling problems in FMSs deal with
(2) tool allocation, (b) parts scheduling, (c) pallets scheduling, (d) machines scheduling and
(¢) material handling equipment scheduling, and presented an approach to determine an
optimal schedule of parts integrating all these scheduling criteria. The problem was
formulated as a hierarchical process and solved through eigenvector analysis of priority

ordering.

Ulusoy and Bilge [18] decomposed the scheduling problem into two subproblems
and solved it by an iterative heuristic procedure. At each iteration, a new machine schedule,
generated by a heuristic procedure, was investigated for its feasibility to the vehicle
scheduling problem. The operation completion times obtained from the machine schedule
were used to construct time windows for each material handling trip, and the second
supbroblem was handled as a sliding time window problem.

Moreno and Ding [19] dealt with the concurrent solution of the loading and
scheduling problems in an FMS environment. A heuristic approach using a constructive
scheduling method was developed to solve these problems concurrently.

Hirabayashi et al. [20] proposed a "decomposition scheduling method" for
operating an FMS with small buffer capacity. In this method, a set of unscheduled jobs were
decomposed into several sets of jobs, and the optimum subschedules were derived
independently for each set of jobs. A near-optimum schedule was obtained by connecting
these sub-schedules arbitrarily.

Kim [21] considered the flowshop scheduling problem for the cases in which job
sequences on all machines were the same and in which they might be different. For the
former case, various methods that had been devised. for minimizing the makespan were
modified according to their objective, and the list scheduling algorithm was used for the latter
case. -

Aanen et al. [22] introduced a branch-and-bound algorithm based on an active
schedule strategy for a two-machine scheduling problem. In an active scheduling approach,
the set of all possible schedules is reduced to the subset of active schedules. They also
described a procedure to find lower bounds for active schedules.

In Stecke and Solberg [23] and Sabuncuoglu-and Hommertzheim [24], a list of
scheduling rules whiéh were tested and the results of the experimental conditions can be
found. AGV dispatching rules which were classified into work center-initiated rules and
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vehicle-initiated rules can be ihvestigated in Yim and Linn [25]. Also, Denzler and Boe [26}
investigated the scheduling decision rules for a dedicated FMS.

Egbelu and Tanchoco [27] classified the dispatching decisions into two categories
as "work center-initiated task assignment (dispatching) rules" and "vehicle-initiated task
assignment (dispatching) rules*. They put forward the likely effects of these rules on the
performance of a job-shop.

The hierarchical structures in the organizations which is of particular importance in
this study was discussed in Schneeweiss [28] in detail.

Bitran et al. [29] presented a hierarchical approach to plan and schedule production
in a manufacturing environment that can be modeled as a single stage process. Special
attention is given to aggregation/disaggregation procedures, and several improvements in the
methodology related to hierarchical production planning are suggested.

Barbarosoflu [30] also applied the hierarchical decision-making in production
planning by designing a bi-level hierarchical structure to make tactical decisions at the top-
level and operational decisions at the lower-level. The lower-level decision process is further
decomposed into a hierarchy of subproblems. The hierarchical production planning model
proposed in that study allowed aggregation/disaggregation between levels.

Axsiter [31] studied under what conditions a perfect aggregation of product data in
a hierarchical structure can be obtained. A mathematical formulation of an approximate model
when a perfect aggregation is not possible is also proposed in the study.

Axsdter and Jonsson [32] presented a simulation study of hierarchical planning
procedures, which can support a material reqnirements planning system. An aggregate plan
in terms of product groups and machine groups is derived, and then the plan is disaggregated
by changing order release times obtained from material requiremeats planning and by
distributing extra capacity among individual machines.

Axsiter [33] described including constraints upon the aggregate level product
groups that will guarantee the existence of a feasible disaggregation at the lower detailed level
in a hierarchical planning system with two levels applied to a multistage production process.
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The Lagrangian relaxation method which is used in the loading level of the
hierarchy in this study was fully explained in Fisher [34], and this method and its
applicability in integer programming are discussed in Geoffrion [35].

Shapiro [36] combined the theory of generalized Lagrange multipliers with a
reformulation of the integer programming problem due to group theory.

Fisher [37] presented an algorithm for solving resource-constrained network
scheduling problems by using Lagrange multipliers to dualize the resource constraints,
forming a Lagrangian problem in which the network constraints appear explicitly, while the
resource constraints appear only in the Lagrangian function.

Held et al. [38] studied the computational performance and theoretical convergence
properties of the subgradient method. ‘

It must also be stated that a broad classification of studies on FMSs was provided in
Gunasekaran et al. [39] and Hedin et al. [40].



3. PROBLEM DEFINITION

The purpose of this study is to analyze the FMS batching, loading and scheduling
decision problems by employing different models and solution procedures within a
hierarchical structure and to compare the effectiveness of these approaches with respect to
different performance criteria. '

The basic objective of the flexible manufacturing concept is to achieve the efficiency
and utilization levels of mass production while retaining the flexibility of manually operated
job-shops [23]. In an FMS, machines are equipped with sensors, tool magazines and
automatic tool changing mechanisms so that a wide variety of different parts can be machined
automatically with minimum changeover time. Furthermore the material handling system is
designed to be flexible and connects various work centers of the system over a common
computer control infrastructure. The powerful innovation in such a production environment
addresses a set of complex operational problems which require an integrated solution
framework of several combinatorial optimizatioh’ models.

The operational problems in an FMS encompass different levels of management
responsibility and different degree of detail of the required information. They also differ in
terms of the length of the planning horizons and objectives. While planning production
which addresses such decision problems, one possibility is to treat the whole planning
system as a single model which can be solved in one step with a "monolithic approach" [30].
However, not only the formulation of an appropriate mathematical model is an impractical
effort, but also the solution of such a complex problem and the interpretation of results is
almost impossible. Thus, one way of avoiding these difficulties is to decompose the FMS
operational decision-making into subproblems and to develop a decentralized and hierarchical
design. Within the hierarchical approach, decisions are made in sequence with varying extent
of information content.

The most frequently referenced framework among the hierarchical decision
frameworks which have been developed for FMSs is the hierarchical scheme in [10]. The set
of subproblems with high interaction is solved sequentially as shown in Figure 3.1 as the
short-term producﬁon planning process. In such a multi-level decision system, the decisions
at a high planning level lead to some restrictions on the detailed decisions at a lower level to
serve as a link bctwéen the aggregate and detailed decisions. A hierarchical production
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planning system in an FMS is a top-down planning approach with bottom-up feedback
between any two planning levels.

The hierarchical structure developed in this study covers only the part type
selection, loading and scheduling problems. The part type selection problem forms the
aggregate level of the hierarchy. The aggregate decisions determine which parts should be
processed on the shop-floor considering aggregate capacities for a predetermined period of
time. The lower-level problems are solved for each subset of part types generated in the
batching level using detailed information. A more detailed planning level which is referred to
as the loading problem assigns all the operations and the required tooling for the selected part
types to the machine centers. The implication is that the tooling required to support each
operation must be assigned to its associated machine center. Scheduling decisions which are
placed at the bottom of the hierarchy determines which part in a queue of available parts is
dispatched to an idle machine center by being transported by an idle AGV.

Part Type Selection Problem

Machine Grouping Problem

Production Ratio Problcm

Resource Allocation Problem

Loading Problem

Scheduling Problem

Figure 3.1. The hierarchical scheme in [10].
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3.1. Description of the Hierarchical Structure

The hierarchy proposed in this study has three levels. The top level deals with
batching decisions, the second level solves part loading and tool allocation problem, and the
lowest level determines machine and material handling equipment scheduling.

Given a set of parts to be processed during a certain planning period,

(a) batching determines the subset of parts with a common tooling to be
manufactured together during a shift,

(b) loading assigns all the operations and the required tooling for the parts in the
batch to the machine centers, o

(¢) scheduling defines the sequence of parts dispatched to the machine centers in an
automated material handling system consisting of automatic guided vehicles (AGVs) and the
sequence of parts processed in the machine centers.

These planning functions are sequential in nature, and the related decision
subprocesses are hierarchical with a strong interaction. In fact, once an upper level function
is executed, it communicates its instructions to and monitors information from the lower
level. Figure 3.1.1 shows the conceptual hierarchical model composed of three main
modules and interface programs, which will be discussed in detail in the following sections.

In this structure, the batching model which is developed as an integer program 1is
- solved by executing HY PER LINDO so that the subset of parts to be manufactured together
during a shift is determined. Then, by means of an interface program, this information is
converted to data necessary to form the loading model. The integer loading model is also
solved by first using HYPER LINDO and then using the Lagrangian relaxation approach
developed in this study. At this point, it must be noted that since the batching model
considers the machine and tool magazine capacities in an aggregate manner as a whole
system capacity, the loading model may turn out to be infeasible, and the batching model has
to be solved again. Hence, an extensive information exchange may take place between the
batching and loading levels in an iterative manner to obtain a batch of parts feasible from the
loéding point of view. This information exchange is studied by three different methods: Pure
top-down hierarchy, explicit anticipation approach and the heuristic anticipation process
developed in this study. In the pure top-down hierarchy, the batching model is solved to
yield a factual instruction without any formal anticipation and then the loading model is
solved using this instruction. In the explicit anticipation approach,an anticipation function
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BATCHING LEVEL

Execute HYPER LINDO

| Integer Program to determine

 the list of parts to be produced
in the first batch.

v 1

NTERFACE PROGRA

Execute information exchange
to ensure feasibility in terms

of capacity aggregation.
LOADING LEVEL
INTERFACE PROGRAM | - Execute HYPER LINDO

Update system parameters Integer Program to assign

to determine the next batch. operations and tools to .
machines.

‘ '
INTERFACE PROGRAM

Communicate loading decisions
to the shop-floor.

v

SCHEDULING LEVEL
Dispatch AGVs to transport

parts and execute sequencing
of parts on the machines.

FIGURE 3.1.1. The flow-chart of the conceptual hierarchical model

based upon the reaction of the base level as the information content of the top level is also
considered. The anticipation process developed in this study is, on the other hand, a heuristic
process which expands the anticipation content about the base level iteratively and studied in
Section 7.3 in detail. When the operations of the parts in the batch and the corresponding
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tools are assigned to certain machines in the loading level, the information is transformed to
the shop-floor, where scheduling operations take place. In the scheduling level, the AGVs
are dispatched to transport parts and the parts are sequenced on machines by means of a
scheduling algorithm, which includes various decision points where certain rules are
required. Since the system performance is sensitive to the joint-effect of all rules imbedded in
the algorithm, all relevant combinations of these rules are tried in this study. The relative
performance of rules is also compared against different measures. At the end of this
procedure, according to the current status of the shop-floor, the system parameters are
updated in order to be able to determine the next batch. It must be stated that the interface
programs which enables the information exchange in this procedure are written in Pascal.

3.2. Description of the FMS

The FMS designed in this study is assumed to consist of M machining centers and a
central buffer integrated through an automated material handling system and T different types.
of machining tools. Each machine consists of an input buffer where it receives the part to be
processed and an output buffer where the pfocmsed part is released upon the completion of
processing. Manufacturing each part requires a sequence of operations which can be
performed on different machines with different tool requirements where machines are
assumed to be perfectly flexible. Thus, the operation-machine-tool compatibilities and the
corresponding processing times are assumed to be known. Each tool, on the other hand,
occupies a given number of tool slots in the tool magazines of the machines, and the tool
magazine capacity cannot be exceeded. Machining capacities and tool magazine limitations
are assumed to be known.

In the system, there isa production order to manufacture a given set of N different
parts, each of which requires [O(i)| operations to be performed. First the parts are partitioned
into batches according to technological similarity in the batching level, and the parts in the
first batch are simultaneously released to the central buffer. The machines are loaded and the
tools are allocated to the machines according to the results of the loading model. Once the
machine loading and tool allocation is done, the parts are scheduled among the machines
according to a scheduling algorithm. The part retumns to the central buffer only after all its

operations are performed.
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3.3. Description of the AGV. System

One of the key factors in the total productivity of an FMS is material movement. Without
controlled material movement within the manufacturing shop, wasted utilization occurs in
manpower, floor space and machine tools. Material handling systems (MHSs) must integrate
a variety of equipment in the FMS and must also be reliable, fast and easy to maintain. Six
types of MHS have been identified for use in FMSs: Belt conveyors are often used to
transport parts down the line. When the appropriate part reaches the machine, a robot arm
can be used to pull it off. Roller conveyors (chain or chain-driven) are similar to a belt
conveyor with different mechanical aspects. Power-and-free conveyors have trolleys located
in a free rail and are powered by a continuously moving chain. Free trolleys engage and
disengage at the appropriate machine tools. Monorails and monotractors are similar to the
power-and-free conveyors but usually handle higher volumes and lower unit weights of
material. AGV systems are the most flexible MHS type. The MHS type that is considered in
this study is an AGV system.

The design of an AGV system addresses the determination of the layout of the AGV
tracks, the traffic flow pattern along the AGV tracks and the location of buffers. Basically
there are three types of material handling systems: single line, loop r(single / multi) and
network type. Figure 3.3.1 shows the single-loop layout of the hypothetical model
developed in this study for the 6-machine case. There is a central buffer where initially all
unprocessed parts wait until the first operation is initiated and return back only upon the
completion of the processing of all operations. There is no capacity restriction upon the
central buffer. AGVs transport the parts between the machines along a predetermined path,
which is assumed to be unidirectional. When an AGV completes a part transfer, it stays there
at the same machine waiting for the next task assignment. As far as the link between the
machines and the AGVs is concerned, "a direct access part retrieval design” is assumed
which means that any part from the output queue can be retrieved regardless of its position in
the queue. The AGVs in the system are assumed to be of the same type and of "unit load"
type of vehicles, and the number of AGVs is one of the variable model parameters. ‘
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FIGURE 3.3.1. Layout of the hypothetical FMS (6 - machine case)

3.4. Désign of Test Problems

~ Various test problems are generated to analyze the performance of the 3-level
hierarchical approach proposed in this study by varying the number of parts, the number of
operations each part possesses and the number of machining centers. The number of parts is
varied between four and 30; the number of operations per part is varied between four and
eight and the number of flexible machines is varied between four and eight. The number of
tool types is taken to be 20 in all test problems. The machine hour availabilities are varied
between 50 and 500. Although in many experiments machine hour availabilities are assumed
to be the same for all the machines in the system, there are several test problems where
machine capacities differ from each other. The tool magazine capacities are taken to be the
same for each machining center in all test problems and varied in a range of 60 and 80 slots.

These system parameters together with processing times, machine-tool
compatibilities and cost factors are generated from Uniform Distribution within stated limits
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by using SLAM II. A typical data set is given for a problem with four parts, four
operations, 20 tools and four machines in Table A.3.4.1.
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4. BATCHING LEVEL

FMS operations consist of pre-release decisions and post-release decisions. Pre-
release decisions consider the pre-arrangement of parts and tools before the FMS begins to
process. Post-release decisions, on the other hand, deal with sequencing and routing parts
when the system is in operation. According to these definitions, the batching problem covers
pre-release decisions which determine the pool of parts eligible for release to the system.

Given a set of jobs to be processed over a short-range horizon, the jobs in an FMS
may have to be partitioned into batches for two major reasons:

(a) Maintaining proper shop-floor control may dictate that smaller variety of jobs be
loaded concurrently on the manufacturing facility. |

(b) The FMS resources are finite and limited. It is not often possible to set up the
equipment with the capabilities of all required operations at once. Such limited resources as
pallets and fixtures must be changed or reassigned, and tool magazines must be reconfigured
after one batch is completed so as to process another batch.

By means of batching, fewer classes of jobs flowing in the system are obtained for
a shift, and this means that less non-identical tooling is required by the system for that
horizon. Less non-identical tooling leads to the fact that machines can have more
commonality in tooling. Pooling of machines is thus possible, and productivity is enhanced.
Furthermore, less variety of jobs means diverse routing and, therefore, few complications in
scheduling and less incidence of blocking.

The most critical limitation of FMS is usually the tool magazine capacity. A part
type has several operations each of which may require different kinds of tools. Some of
these tools may occupy several slots on the machine's tool magazine while the others may
need just one. When each machine has a limited number of slots, the total number of slots in
the FMS is fixed so that it is not possible to mount all of these tools on the magazines of the
FMS concurrently. This limitation is called the system's magazine capacity. The magazine
capacity constrains the number of part types that can be processed simultaneously. Batching
is not needed if the system's magazine capability is large enough to process all the part types.
It must be noted that if an FMS has automated tool exchange devices which ship tools
around the machines and the central storage during the time the system is in operation, there
is no need to include the batching problem. However, most of the FMSs do not have
automated tool exchange devices, and the batching decisions are still important.
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When a batch of parts is selected, the set of tools needed to process them is
computed by using the part-tool-machine compatibility data in a loading model. Tool changes
within a batch are not allowed. When a batch finishes processing, the tools are unloaded
from the tool magazines, new tools are loaded, the working area is cleaned, the machines are
maintained, and a new batch can start processing. This process, called a set-up, usually
requires a fixed amount of time and arises from the critical limitation of tool magazine
capacity. Thus, the objective of the batching model is chosen to minimize the total set-up
time.

Since each set-up requires a fixed amount of time as stated above, fewer number of
set-ups means less total set-up time. So, the aim of minimizing total set-up time may be
viewed as minimizing the number of set-ups, and the number of set-ups can be minimized
only by minimizing the number of batches since a set-up takes place between the processing
of two respective batches. The minimization of the number of batches is, on the other hand,
equivalent to the maximization of the number of parts included in each batch. Hence, the
objective of the batching model used in this level is to maximize the number of parts in a
given batch, which in turn will tend to fully utilize the tool magazine capacity.

Batching decisions require the consideration of two important limitations in an
FMS. The first one is the tool magazine capacity of the system which is discussed above.
The other one is the machine-hour availability of the FMS. As far as machine capacities are
considered, there exist two approaches: variable period and fixed period. Once a fixed-period
approach is assumed, the length of the batching planning horizon is assumed to be fixed, and
the machine capabilities during that period are known and should be included in the model.
However, when the variable-period approach is preferred, it is not necessary to consider the
system capacity as a constraint in the batching problem because once a set-up is done, the
batch will be processed continuously without interruption, so that the batch size will
determine the length of the batching planning period. In this model, the fixed-period
approach is employed to determine the batch of parts to be manufactured within one set-up
during a shift or a day, and thus, it is necessary to include the machine capacities over the
fixed-period. However, since the loading problem has not been solved yet, the exact part-
machine-tool assignments are not known and capacity limitations should be considered in an
aggregate manner; in fact capacity aggregation implies that machines are assumed to be
identical in terms of their ability to accept different tools and the whole system is treated as
one machine. Thus, the aggregation should be designed for both machining capacity and
tool-slot capacity so as to guarantee a feasible link between the batching and loading stages

~ and will be discussed later in detail.
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- The batching problem is developed as an integer 0-1 mathematical model to
determine the first batch in a greedy manner. The mathematical model is given by (M1):

(M1)

Maximize V= ?Xi

subject to Xi= IO (i)I
ajje-Yij s 2t
SN <$

€03 i
Yij= Xi

Xi = (0-1)

Yij= (9'1)

Zt -(0-1)

S 35;%=CAP

Vi

V1, Vi, Vi €0(i)
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(4.1)

(4.2)

(4.3)

(4.4)

(4.5)

(4.6)

4.7

(4.8)

(4.9)



Here the decision variables are defined to be:

i cparti, i=1..,N
J :operation j, JEOGU)
t :tool typet, t=1..,T
m:machine m, m=1,. .M
[l if jobiisincluded in the batch
Xi={ 0 .
L otherwise
(1 if operation jof part i isprocessed in the batch
Yij=1 .
[O otherwise

[1 if tool tis required in the batch
o= {LO otherwise -

The parameters are:

O(i) : setof operations that are needed to manufacture job i.
lo(i)| : number of operations that are needed to manufacture job i.
ajjt : abinary variable indicating if the operation j of part i requires tool ton

any machine.
N¢ : number of tool slots occupied by tool t.
f’ij : aggregate processing time of operation j of parti.
S : aggregate tool magazine capacity.

CAP : aggregate system capacity.

The objective function given by (4.1) aims at maximizing the number of parts in
each batch as it is discussed previously. The constraint set (4.2) ensures that a job is
included in a batch only if all its required operations can be performed in the given batch
configuration. The fact that an operation in a batch can be performed only if the required
tools for the operation are installed is expressed by (4.3). The aggregate tool magazine
capacity is expressed by (4.4) while the aggregate system capacity is given by (4.5). The
technical constraint (4.6) guarantees that an operation will be processed in a given batch only
if the associated part is included in the batch.



A Heuristic Approach to Solve the Batching Model:

Although there are various approaches to solve the batching model , a greedy
approach is recommended as a realistic solution procedure. In the proposed heuristic, the
- entire order is not divided into batches all at once. Instead, a first batch of maximum size
from the whole order is selected as the solution of (M1). After it is produced, a second batch
of maximum size is then selected from the current set of job orders, and so on, until the
order is exhausted. This dynamic heuristic called Procedure BTC can shortly be described as
follows:

Procedure BTC:

Step 0: Initialize b = 1.

Step1: J§ = Jo+ UJp - :L"JIJ?(
-] .
If Jg=0, B=b-1,stop.
Step 2: Solve the batching model (M1) for x; for all jEIE.
Step 3: Set Jp = {jl xj = 1}. Produce the batch.
Step 4: Update JR and J3.
Step5:Setb=b+1, goto Step L.

where

Jo: set of parts under consideration.
J§ : set of parts that are candidates for assignment to batch k.

J - set of parts actually assigned to batch k.
J§ :set of parts actually produced in batch k.
Jp:set of parts that arrive during the processin g of batch k.

This is a greedy approximation, which results in a sequential procedure. In this
fashion, it is possible to keep enough flexibility to cope with incoming orders while the
current order is being processed, with machine breakdowns or with other dynamic and
unpredictable conditions. The batching submodel given in Step 2 is solved by using HY PER

LINDO.
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- 5. LOADING LEVEL

The top level of the hierarchy proposed in this study selects a subset of parts which
is called a batch to be produced simultaneously within a single set-up of the system.
However, the exact part-tool-machine assignment decisions are not made in this level, and
the tool magazine capacities and the machine availabilities are considered in aggregate terms
while determining the batching decisions. Thus, the problem in the loading level is to allocate
the operations of the parts in the selected batch and the tools required by these operations
among a set of machines so as to achieve certain specified objectives while meeting
technological and capacity constraints. So, the problem can also be viewed as a machine
loading and tool allocation problem.

At the loading stage, more detailed information in terms of the parts to be
processed, the tools which are available to perform the operations of these parts, machine-
tool compatibilities and capacity limitations are known-to the decision-maker. Hence, the
aggregate capacities used in the batching level are considered separately for each machine and
for each tool in the loading level, and the assignment of each operation and of the required
tools to the machines according to the compatibilities is done accordingly. Once these
decisions are made, the tools stay on the machines they are assigned to for the planning
period. The parts are then routed through the machines where the needed tooling and NC
programs are already loaded.

It must be emphasized that there may be several desirable objectives that loading
decisions may possess and each of these objectives can lead to different solutions. Hence, it
is possible to generate several alternative solutions to the loading problem by giving greater
or less emphasis to one versus the others. So, by taking this fact into account, the loading
model developed in this study is not formulated with a unique objective but with different

objectives.

The loading model (LM) developed consists of the following technological and
capacity constraints :

Y
FHIRPY




- (LM)

? JZ%P;jtm XijtmS Cm-Mm Vm (5..1)
3N: Yo =S Ym (5.2)
? ?E Pijtar Xijtm=s BTt L (5.3)
% Y,.m sA¢ : vt (5.4)
}i,‘ szmms M’y‘"‘ Vtm (5.5
2 2 Xijtm= 1 Vi,j - (5.6)

t m
Xijtm=(0,1) Vi,j.t,m (5.7)
Yim =(01) Yt,m (5.8)

Here the decision variables are given by

1, if operation j of part i is assigned to machine m containing tool t.
Xijtm = { 0, otherwise. ’ '

1, if tool tis assigned to machine m.
Yim = {0, otherwise.

where t indicates the tols the operations in the batch may require, and m shows the
machines which are compatible with these tools.
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The parameters are deﬁnéd by

Pijtm @ Processing time of operation j of part i on machine m using tool t.
Mm : total number of machining hours available on machine m.

am : efficiency of machine m.

N : number of tool slots occupied by tool t.

Sm : tool magazine capacity of machine m.

T: : service life of tool t in hours. :

B. : reliability of tool t.

At : number of available tool t.

In the above formulation the machine capacity constraints are given by (5.1) and the
tool magazine capacity limitations are given by (5.2). Since the tools wear out very rapidly,
the tool life-time considerations are expressed by (5.3). In most FMSs the number of tools is
limited and should be included as a constraint similar to (5.4). The technical constraint (5.5)
ensures that the necessary tools should be installed on a machine to perform a particular
operation. The technical constraint (5.6), on the other hand, guarantees that all of the
operations of all parts in a given batch be performed.

As it is mentioned before, the loading problem can be formulated with different
objectives. The following objective functions are used in this study:

(a) Minimizing cost:

Here it is necessary to define Cjjyy, as the machining cost of performing operation j
of part i on machine m by (ool L. This cost may be proportional to the processing imes for
the (ij,t,m) combinations or may be related to the maintenance costs of the machines and/or
tools in the system. Then, the objective functions is

Min Z; = 3 3 ¥ ¥ Cijtm Xijtm (5.9)

ijtm

(b) Balancing the workload:

Balancing the workload can be done by minimizing the unbalances of total
processing time assigned to each machine. Then it is necessary to replace constraint set (5.1)

by
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2 2 3 Pijtm Xijtm+ Um = Om = 0. Mm Vm (5.1
1 3t

where Uy, is the underload and Oy, is the overload on machine m. Then the objective

function is

Min Z; = 3 (U +O0r) : (5.10)

m

(c) Minimizing the maximum workload:

It is necessary to include another constraint set to (5.1) - (5.8).

2 2 2 Pijme Xijtms Z VYm (5.11)
i jt , .

where Z will give the maximum workload in the system and the related objective function is
Min Z3 =Z (5.12)

(d) Minimizing the differences between the workloads of the machines:

It is necessary to determine the workload of each machine by

2 2 2 Pijtm- Xijtm= WL Vm (5.13)

1§t

and to express the positive and negative deviations between the workloads by
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WLy - WL, -Rg+Lg=0 for k €(1,...,m - 1),
h€(k +1,...,m)
Ty
el )
S0 2)
(5.14)

Then constraints (5.13) and (5.14) should be included to (5.1) - (5.8), and the objective
function becomes

m

; 2
MinZs= 3 (Re+Ls) (5.15)

s=l

To facilitate the excessive number of runs, an interface program is prepared to link
the batching and loading models as shown in Figure 3.1.1.

Data for a 15-part, 8-operation, 6-machine problem are presented in Tables A.5.1
and A.5.2 in detail. Since the machine and tool-magazine capacities are aggregate in the
batching level, the loading processing times are aggregated for batching decisions and given
in Table A.5.3.

As it is stated above, the machine and tool-magazine capacities form the main
information link between batching and loading levels, and an algorithm is developed to
perform capacity/processing time/tool slot aggregation as an information exchaxige
mechanism which will be discussed in Section 6. The above problem is solved in the
batching level with CAP = 2000 minutes and the parts x1, X2, X3 and X1} are‘included in the
batch. To find the machine loading and tool allocation for this batch, the exact machine
capacities are taken as 330 minutes per machine. The magazine capacity is assumed to be 60
tool slots, and the tool life is considered as 150 minutes for each tool type .It is solved under
the four objective functions and the loading results given in Table 5.1 are obtained.

The loading results for the 30-part, 4-operation, 4-machine problem are also given
in Table 5.2. Machine capacities are assumed to be 150 minutes per machine, while the first
batch includes x7, X12, X15, X20, X21, X24, X27, X290 and x3¢9 with CAP = 600 minutes in the
batching problem." |



.- TABLE 5.1. Loading Results for the 15-part, 8-operation, 6-machine Problem

Objective Work - Loads

Function M1 M2 M3 M4 M5 M6
Z 182 min 166 min 102 min 104, min 137 min 78 min
Zy 168 min 133 min 147 min 105 min 236 min 138 min
Z3 97 min 101 min 101 min 100 min 97 min 100 min
Z4 138 min 139 min 143 min 139 min 139 min 134 min

TABLE 5.2. Loading Results for the 30-part, 4-operation, 4-machine Problem

As far as the work-loads on each machine are concerned, it is observed that the
minimum balanced work-loads can be obtained by the objective function Z3, and Z; and Z4
lead to high machine utilizations. Since they try to minimize the under- or over-loads on the

Objective Work - ILoads

Function Ml M2 M3 M4
Zy 149 min 142 min 142 min 149 min
Zy 150 min 150 mih 1150 min 150 min
Z3 130 min 130 min 131 min 132 min
Z4 150 min 150 min 150 min 150 min

machines, the higher processing times are first assigned to the machines.
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6. LAGRANGIAN RELAXATION APPROACH TO THE
SOLUTION OF THE LOADING PROBLEM

The loading problem in this study is a combinatorial optimization problem
formulated as an integer programming problem, and it is considerably large in terms of
variables and constraints and is often hard-to-solve. One of the most computatiohally useful
ideas of the 1970s is the observation that many hard problems can be viewed as easy
problems complicated by a relatively small set of side constraints. Dualizing the side
constraints produces a Lagrangian problem that is easy to solve and whose optimal value is a
lower bound (for minimization problems) on the optimal value of the original problem [34].
Over the last decades Lagrangian relaxation has turned out to be the best algorithm for the
solution of famous combinatorial optimization problems of considerable size Hence, a
solution approach based on the Lagrangian relaxation and subgradient method is proposed
for the loading model to facilitate the computational effort, and an extensive Lagrangian
design is developed with a hierarchical Lagrangian heuristic.

6.1. Basic Structure of the Lagrangian Relaxation Method

Let us consider the following integer program [34] :

(IP) Z=min cx
subject to Ax=b
Dxse (6.1.1)
x €{0,1},

wherexisnx 1, bism x 1, eis k x 1 and all other matrices have conformable dimensions.
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The constraints of (IP) is assumed to be partitioned into two sets Ax = b and
Dx < e so as to make it easy to solve the Lagrangian problem

(LR) Z(u) = min [cx + u(Ax - b)]
subject to Dx=se (6.1.2) -~
x€{o,1},

where u= (u1,...,um) is a vector of Lagrange multipliers. By means of (LR), the problem
becomes easy-to-solve relative to (IP).

It is clear that Z(u) < Z and can be shown by assuming an optimal solution x* to
(IP) and observing that ‘

Zu) scx* +u( Ax* -b)=Z (6.1.3)

The inequality in this relation follows from the definition of Zp(u) and the equality from
Z=cx*and Ax*-b=0. If Ax = b is replaced by Ax < b in (IP), then u is required to be
positive. In the same fashion, u < 0 is required for Ax = b for Z(u) < Z to hold.

The fact that Z(u) is less than or equal to Z allows (LR) to be used to provide lower |
bounds for (IP). Good feasible solutions to (IP) can frequently be obtained by perturbing
nearly feasible solutions to (LR).

In Lagrangian relaxation applications, obtaining values for Lagrange multipliers is

an important task. It is clear that the best choice for u would be an optimal solution to the
dual problem (LD): ' :

(LD) Zp = max Zp(u) (6.1.4)
S u

~ Although le(u) which is the envelope of a finite family of linear functions satisfies
the continuity and convexity properties, it is non-differentiable at an optimal point. The best -
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known approaches for non-differentiable optimization include the subgradient optimization,
simplex methods using column generation techniques and multiplier adjustment methods. In
this study, the subgradient method in which gradients are replaced by subgradients is
employed to obtain the u values as near-optimal solutions to (LD).

Given an initial value u9, a sequence {uk} is generated by the rule

uk+1 = yk 4 gk (Axk - b) (6.1.5)

where xK is an optimal solution to (LRX), 6K is a positive scalar step size, and (AxK - b)
which corresponds to the dualized constraints is the subgradient for which xk solves LR.

6.2. Relaxed Loading Problem

' The main issues considered in the development of a procedure based on Lagrangian
relaxation include
(a) selection of constraint sets to be relaxed,
(b) solution of the Lagrangian problem with fixed multiplier values,
(c) use of an appropriate Lagrangian heuristic to obtain a feasible solution to the

original problem.

While developing a Lagrangian problem, it is possible to choose different sets of
constraints to be relaxed. However, each constraint set requires different lengths of time for
the solution of the problem with varying sharpness of bounds. Hence, facilitating the
computational effort highly depends on the choice of the constraint set to be relaxed, and the
most appropriate set must be selected in order to handle the problems which are hard-to-
solve as easy problems. In this study, constraints (5.1), (5.2), (5.3) and (5.5) are dualized
so that the best Lagrangian problem is developed in terms of the amount of computation.
The model obtained is as follows:
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- (RLM)

Zp(v)=Min3 33 Ecl_]tmkl_]tm + 2 v (22 Epijtmxijtm - Othm)

1jtm 1jt

+ EV (ENtytm —Sm‘ + EQ(EEEPUmxmm 6tTt)

t ijm

+33 V‘t’;n{EExijtm - Mytm) (6.2.1)

tm ij

subject to constraints (5.4), (5.6), (5.7) and (5.8). Then the model is further simplified as:
(RLM)

Zp(v) =Min 3 EEZ(C,Jm+ Vi Pijtm +V pljlm +vi )xijun

ijtm

?2(‘% Nt - Vet M) Yo - EV}namMm ~3viCn - 3VBTE  (622)
m

subject to constraints (5.4), (5.6), (5.7) and (5.8) which is designated as relaxed loading
model (RLM). This Lagrangian problem (RLM) is defined for all v > 0. It must be noted that
this is a necessary condition for Zp(v) < Z to hold.

The second issue that must be considered in the development of a Lagrangian
relaxation based procedure is the solution methodology of the problem with fixed multiplier
values as stated previously. In this study, since the Lagréngian problem (RLM) is a perfectly
decomposable model, it can be divided into two subproblems (SP1) and (SP2) which are
given below, and these subproblems can be solved separately. |

(SPI) Min 222 E(C{]lm + Vm pljml +V putxn + V4 )xulm (6.2.3)

ijtm

subject to constraints (5.6) and (5.7).
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(SP2) Min 33(vZN¢+ Mvd e, - (6.2.4)
. tm

subject to constraints (5.4) and (5.8).
(SP1) can be solved by Procedure RLM1 which is given below.
Procedure RLM1:

Step 1. Calculate (cijtm"' V}npijtm"' V?Pijun'*"’gn) which is the coefficient of

variable Xjjim, for each ij,t and m.

Step 2: Determine min (coefﬁcient ijtm) , foreachiandj.
t,m .

Step 3: Set variable X;jiym with the minimum coefTicient to one and the remaining
Xijum Variables to zero, for each i and j, so that each job is assigned to only
one tool-machine combination.

(SP2) is a knapsack problem, and such knapsack problems can be attempted by
dynamic programming. The following algorithm which is called Procedure RLM?2 shows
how (SP2) is solved by this method.

Procedure RLMZ:

Step 1: Since the only technological constraint for (SP2) is the number of tools,
decompose (SP2) into individual subproblems for each tool and consider
them independently from each other.

Step 2: Check if there are subproblems which have not been solved yet. If there are,

start by one of them. Otherwise, go to step 7. .
Step 3: Calculate (vlan L= Mvﬁn) which is the coefficient of variable yy, for each

m.

Step 4: Determine the number of machines compauble with the tool under
consideration (q).

Step 5: Order yyy variables asoendmg by m, and rename them as yyy; where
j= 12 Qe ,

Step 6: Apply dynamic programming method to the subproblem according to the
following definitions:
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Stage j is represented by variable Ytmj where j shows the order of m;

j = 1,2,..., qt.
State wj at stage j is the total number of machines a certain tool is assigned
to in stages j, j+1,.., qr;  wj= 0,1,...min(Anqy)-

Alternative yiy; at stage j indicates whether the tool is assigned to the
machinc; ymj = 0 or 1. )

fj(wj) : optimal value of stages j, j+1,..., q; given the state w;.

Hence, the backward recursive equation is

fowa)= 1o, (coefficient mq,)* Yiag, (6.2.5)

Wq,=0,1,..min(Ar.q,)

fj(Wj) - yg,}ixo . [coefﬁcient tmj - Yemj +{j+1 (Wj—-ytmj)]

W juO,L,...min(Ar.q;)
i=12,.,(q-1) (6.2.6)

Step 6: Go to Step 2.
Step 7: Stop.

Another consideration in the development of a Lagrangian relaxation based
procedure is the design of an appropriate Lagrangian heuristic which will generate a feasible
solution out of a near-feasible solution to (LM). In this study, the following Lagrangian
heuristic which is referred to as Procedure RLM3 is develéped to obtain a feasible solution to

the original problem.
Procedure RLM3:
Elimination of unnecessary tool assignments:
vStep 1: Check if a tool which is assignéd to a certain machine is required by any

operation. If no, then cancel that tool assignment to free up slots in the
magazine of the machine.
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Solving the infeasibility problem of constraint set (5.1):

Step 2: Check whether there exists machines for which the machine-hour
availabilities are exceeded. If no, then go to Step 7. Otherwise, continue.

Step 3: If there are machines for which the ool magazine capacities are also

| exceeded, then take those machines under consideration.

Step 4: Choose the machine with maximum v1 .

Step 5: Perform Procedure RLM4' to determine the job to be assigned to another
machine.

Step 6: Perform Procedure RLM5' to determine another tool-machine pair to assign
the selected job. Then, go to Step 2.

Solving the infeasibility problem of constraint set (5.3):

Step 7: Check whether there exists tools the lives of which are exceeded. If no, then

go to Step 11. Otherwise, continue.

Step 8: Choose the tool with maximum vi”

Step 9: Perform ‘Procedure RLM4' to determine the job to be assigned to another
machine.

Step 10: Perform 'Procedure RLMS5' to determine another tool-machine pair the
selected job shall be assigned to. Then, go to Step 7.

Elimination of parts from the batch if neces.i'ary:

Step 11: Check if there are still constraints from sets (5.1) and (5.3) which are }not _
satisfied. If yes, then eliminate the part(s) which will create minimum slack
on these constraints. :

Solving the infeasibility problem of constraint set (5.2):

Step 12: Check whether there exist machines for which the tool magazine capacities
are exceeded. If no, then go to Step 19. Otherwise, continue. |

Step 13: Choose the machine with maximum v2,.

Step 14: Determine the tools which are assigned to the selected machine m.

Step 15: Find the operations which require these tools and which can be performed
by other tool-machine combinaions.

Step 16: Determine the number of other tool-machine pairs capable of processmg
each of these operations (numjj).
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.- Step 17: Compute totaltm.by

total g = 3 3 num;; Vit (6.2.7)
ij

where m is the selected machine, t stands for the tools allocated to machine
m and (i j) pair indicates the jobs assigned to that tool-machine pair.

Step 18: Choose the tool-machine combination with maximum totalyy, so that it is
easier to assign the jobs requiring the tool-machine pair under consideration
to other combinations, and cancel that tool-machine assignment. Then, go to

Step 12.

Trying to assign certain tools to machines where necessary:

Step 19: If a job is chosen to be performed by a certain tool-machine combination
but if the tool is not allocated to that machine, then assign the tool on the
machine if there is enough slot space in the tool magazine of the machine.

Solving the infeasibility problem of constraint set (5.5):

Step 20: Check if all the tools which are required by some operations are assigned
to the appropriate machines. If no, then start by a tool-machine pair which
causes infeasibility. Otherwise, go to Step 25.

Step 21: Determine the jobs which are chosen to be performed by the tool-machine
pair under consideration. \

Step 22: Perform Procedure RLMS' to_determine another tool-machine pair to
assign the job.

Step 23: If the job cannot be assigned to any other tool-machmc pair, then perform
'Procedure RLM6'.

Step 24: Check if therc are still jobs whxch have to be assigned to another tool-
machine pair. If there is, go to Step 22. Otherwise, continue.

Elimination of parts from the batch if necessary:

Step 25: If there are jobs which cannot be reallocated to any tool-machine
combination, then eliminate the associated parts from the batch and stop.



39

Procedure RILLMA4:;

Step 1: Determine the jobs which are allocated to the selected machine (or tool).

Step 2: Since both the costs and the processing times of the jobs must be considered
in the job selection among the ones on the selected machine, compute the
ratio between the cost and the processing time of each of these jobs as
follows: ‘

ratio jing = (6.2.8)
: Bijtm

Step 3: Choose the job with max{ratiojjtm}since the jobs with higher costs and with
lower processing times are required to have priority, and cancel the
associated job-tool-machine assignment.

~ Step 4: Check if that tool-machine pair is required by any other job. If no, then also

cancel that tool-machine assignment.

Procedure RLMS:

Step 1: Determine possible tool-machine combinations the job can be assigned to. If
there is no possible combination, then reallocate the job to the initial tool-
machine pair. Otherwise, continue.

Step 2: If there are tools which have already been allocated to the appropriate
machines among these possible tool-machine combinations, then give them
priority. \

Step 3: Compute the product of the cost and the processing time of each of these
alternatives by: ‘

producty;;;, = Cijtm. Pijtm (6.2.9)

Step 4: Choose the alternative with nﬁn{pmdUCqun}since it is easier to allocate jobs
with lowcr processing times to other machincs, and opcrations with lower
costs shbuld be preferred. Then, perform the allocation of the selected job.



Procedure RLMS:

Step 1: Compute the cost of performing jobs with the initial tool-machine pair.

Step 2: Determine the other tools which are allocated to the machine under
consideration.

Step 3: Check, for each tool-machine combination determined, if enough space in
the magazine of the machine is obtained for the initial tool when that tool-
machine assignment is canceled. If no, then do not consider that tool-
machine pair.

Step 4: Compute the cost of performing jobs with each of these remaining tool-
machine pairs.

Step 5: Find the tool-machine pair which gives maximum cost.

Step 6: If this cost is more than the cost of performing jobs with initial tool-machine

| pair, then cancel the assignment of tool-machine combination with
maximum cost and the allocation of the operations to this tool-machine pair,
assign the initial tool to the machine, and continue. Otherwise, cancel all the
job allocations on the initial tool-machine pair.

Step 7: Reallocate the jobs to other tool-machine pairs by performing "Procedure
RLMS5'. :

The overall subgradient procedure in Figure 6.2.1 is based on all these procedures
to obtain a near-optimal solution to the original loading problem by making use of (RLM),
and it is called Procedure RLM7.

Procedure RLM?7:

Step 1: Set initial Lagrange multipliers V0 to zero, and let Zypper = A and
Lower = 0-

Step 2: Check if the maximum number of iterations is reached. If yes, stop.
Otherwise, continue. '

Step 3: Solve (SP1) in order to determine {Xjjm} values.

Step 4: Solve (SP2) in order to determine {ytm} values. If (szan - Mv‘én) for any
Yem iS Zero, then check x values to sce if any operation is assigned to that
tool-machine combination. If yes, then set the associated yy to 1.

Step 5: Compute ZXK (v), 0¥ and vk*! where



Set v0 and Zlow !0 zero

and Zup to A

& Is max. number
of iterations
reached ?

Solve (SP1)

v

Solve (SP2)

<—

Compute Zﬁ(v)

|

Compute gk

ﬁ

Compute v k+l

FIGURE 6.2.1. Subgradient optimization procedure to solve (RLM)

41



42

Let
Ziow = Z]% (v)

Is the current Apply Lagrangian heunfnc
solution feasible ? to make the current solution
feasible

Compute the feasiblc

. *
solution Z

Let Zup'Z‘

Is

No
—>

(Zup-Ziow) Zyp< €

FIGURE 6.2.1. Subgradient optimization procedure to solve (RLM) (continued)
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Does the final
batch include all
the parts in the
originat batch ¢

Update Zup and Zlow

FIGURE 6.2.1. Subgradient optimization procedure to solve (RLM) (continued)

Zupper = ZH(V)

llax~b]

0K w A © (6.2.10)

and vk+! js obtained as in (6.1.5).These formulations can be given in detail

as follows:
v}}f*l - vg( + 6%‘(222 Pijtm Xijtm — Cm Mm) (6.2.11)
ijt
; 1 k .
Vlzxi\"" - Vtzn + eé(§Ntynn - Cm) (6.2.12)
v?k"l - v%k +0% L2 2 Pijim Xijtm ~ ﬁ{l‘t) (6.2.13)
i jm



Akl v4k+94{2 zx,m-Mytm] (6.2.14)
\i j )
' _~7k
ok - p— 2w ~Zp(V) (6.2.15)

"E 2§pxjtmx1]'m amMm
i]

. Zuppes = ZB(V) (6.2.16)

e]

_ 7k
ok 3, Zupper z5(v) (6.2.17)
”2 33 Pijtm Xijtm = BTt

ijm

ok |
0k w . —ZuPer Z5(v) (6.2.18)
lz zxijtm - Mytm
1

J

Step 6: Check if ZB (v) has increased. If no, then reduce A.
Step 7: Check whether ZD (V) > Zjower If itis, let Zjgwer = ZD (v). Go to the next

step. Otherwise, go to Step 2.

Step 8: Check whether the current solution is feasible to the original problem. If
yes, update the best feasible solution (Z*). Go to Step 11. Otherwise,
continue.

Step 9: Make the current solution feasible by applying a 'Lagrangian heuristic'
called Procedure RLMS3. Let the feasible solution be Z*.

Step 10: Check if any part is eliminated from the batch by the Lagrangian heuristic.
If yes, let Zjower = 0.

Step 11: If Z* < Zupper, let Zupper =Z*. Go to Step 12. Otherwise, go to Step 2.

Step 12: If [(Zupper - Ziower) | Zupper] > €, 0 10 Step 2. Otherwise, continue.
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Step 13: Check if the final batch includes all the -parts in the original batch. If no,

then update Zypper and Zjgwer by
Zupper = Zupper + EEmax(c,Jtm) (6.2.19)
ijtm .
Ziower =Zlower + 33 min(Cijtm) (6.2.20)
1 J t.m

where i stands for the parts eliminated from the original batch.
Step 14: Stop.

There are some important issues that must be paid attention to in these procedures:

(a) It has to be emphasized that (SP2) should be solved after the solution of (SP1)
in Procedure RLM7. Although these problems could be considered independent from each
other since they are decomposed as stated before and any infeasibility problem related to
constraint set (5.5) is solved by the Lagrangian heuristic, first solving (SP1) then (SP2)
improves the performance of the Lagrangian heuristic in the search for a feasible solution.
When (vlant - Mvﬁ'n) for any variable yim is found to be zero in (SP2), then whether yum

is one or zero has no effect on the objective function. In this case, it is reasonable to set that
Yun to one if the related tool-machine combination is required by an operation according to
the solution of (SP1).

(b) Another point to be emphasized in this procedure is that Zjoywer is set to zero
when a part is eliminated from the batch by the Lagrangian heuristic. The reason is that
Zupper is updated depending on the feasible solution Z*, and Zjqy. is determined according
to the value of "ZIIS (v). So, Z* and Zl's(v) must be compatible and thus calculated for the
same batch. However, the elimination of a part from the batch implies that while Z* is
obtained for the reduced problem, Zjower 10 more belongs to that new batch and must again
be set to zero.

‘ (c) After the iterative runs of this procedure, a range for the optimal value of the
original problem Z can be determined where the limits are identified by Zjower and Zygpper. If
the batch which is transformed from the batching level to the loading stage at the
beginning of this procedure is not preserved finally, then it must be taken into consideration
that the range obtained is for the reduced problem. Hence, these bounds have to be updated
to find a range for the original problem as given in (6.2.19) and (6.2.20).
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- (d) Halving A whenever Z,% (v) fails to increase gives good results, but it is also
discovered that dividing A bya number between 1 and 2 instead of halving it also performs
well. In this study, both methods are examined, and it is observed that the alternative method
may provide better bounds for some problems.

(¢) The algorithm terminates either when a certain degree of precision (&) is attained
or when the maximum numbser of iterations (N) is reached. Here, € is assumed to be 0.10
and 0.02 and the maximum number of iterations is taken as 50 for all problems.

This subgradient optimizatiori method which also covers the execution of the
Lagrangian heuristic is developed as a computer program written in PROGRESS 4GL, and
the program is run for problems with different sizes. The sizes of the problems are
determined according to the number of parts, operations and machines. The number of tools
is considered to be the same for all problems as 20. The data for each problem are given in
Tables A3.4.1, A.6.2.1, A6.22, A.6.23 and A.6.24. The results obtained at each
iteration of the subgradient procedure for each problem are summarized in Tables 6.2.1,
6.2.2, 623, 6.24. 625, 62.6, 62.7, 6.2.8, 6.29 and 6.2.10. Tables 6.2.11 and
6.2.12 show how the Lagrangian heuristic makes the results feasible. In each table, the €
value and the procedure applied to A for that problem are given.

The results of the subgradient optimization procedure show- that it is possible to
obtain reasonable bounds for the value of Z* even when (Zupper -~ Zower) | Zupper < €
criterion is not satisfied, and it is observed that the possibility of terminating the algorithm
due to (Zupper - Ziower) / Zupper < € criterion increases as the size of the problem gets larger.
The effect of reducing A is another issue to be studied in this procedure. As the results are
examined, it can be seen that it is not possible to conclude whether halving it or dividing it
by a number between one and two is better. Hence, it can be stated that the choice of the
reduction method depends on the problem under consideration.



TABLE 62.1. Results of the Subgradient Optimization Procedure for the 4-part,
4-operation, 20-tool, 4-machine Problem where A is divided by 1.2 when zK (v) fails to

increase.
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Iteration Z§(v) Ziower z* Zupper Step Size (1)

Number (k) ‘
1 301 301 355 355 2
2 -139 301 - 355 1.67
3 212 301 - 355 139
4 37 301 - 355 139
5 86 301 - 355 1.39
6 119 301 - 355 139
7 56 301 - 355 1.16
8 206 301 - 355 1.16
9 208 301 - 355 1.16
10 241 301 - 355 1.16
20 269 301 - 355 0.47
30 260 302 - 350 022
40 300 303 - 348 0.11
50 298 304 - 343 0.09

Final Bounds: {304, 343]

Maximum number of iterations is reached.

£=0.10




TABLE 6.2.2. Results of the Subgradient Optimization Procedure for the 4-part,
4-operation, 20-tool, 4-machine Problem where A is halved when z¥ (v) fails to increase.

Iteration Zj5(v) Ziower z* Zupper Step Size (1)
Number (k) i

1 301 301 355 355 2

2 -139 301 - 355 1

3 212 301 - 355 0.5

4 80 301 - 355 0.5

5 204 301 - 355 0.5

6 225 301 - 355 .05
K 250 301 - 355 0.5

8 254 301 .- 355 0.5

9 261 301 - 355 0.5
10 278 301 - 355 0.5
20 295 301 - 355 0.03125
30 297 - 301 - 355 0.00391
40 298 301 - 355 0.00048
50 298 301 - 355 0.00003

Final Bounds: [301, 355]
€=0.10
Maximum number of iterations is reached.




TABLE 6.2.3. Results of the Subgradient Optimization Procedure for the 8-part,
4-operation, 20-tool, 4-machine Problem where A is divided by 1.2 when Z’f)(v) fails to
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increase.
Iteration z(v) Ziower Z* Zupper | Step Size(2)
Number (k)
1 828 828 953 953 2
2 451 828 - 953 1.67
3 533 828 - 953 1.67
4 536 828 - 953 1.67
5 622 828 - 953 1.67
6 412 828 - 953 139
7 608 828 - 953 139
8 656 828 - 953 1.39
9 574 828 - 953 1.16
10 626 828 - 953 . 1.16
20 805 828 - 953 0.56
29 832 0 815 815 0.22
31 740 725 816 815 022
31*" - 809 - 980 -
Final Bounds: {809, 980]
e=0.02
(ZupperZiower)/ Zupper< ¢ criterion is satisfied.
* A partis eliminated from the batch.

** Zupper and Zjower are updated according to (6.2.19) and (6.2.20).



TABLE 6.2.4. Results of the Subgradient Optimization Procedure for the 8-part,
4-operation, 20-tool, 4-machine Problem where A is halved when zX (v) fails to increase.

Iteration Zk(v) Ziower z Zupper Step Size (A)
Number (k) |
1 828 828 953 953 2
2 451 828 - 953 1
3 533 828 - 953 1
4 744 828 - 953 1
5 582 828 - 953 0.5
6 763 828 - 953 0.5
7 802 828 - 953 0.5
8 769 828 - 953 025
9 807 828 - 953 0.25
10 806 . 828 - 953 0.125
15 830 830 883 883 0.03125

Final Bounds: {830, 883]
£=0.02

(Zuppcr“ Zlower) I Zypper< ¢ criterion is satisfied.




TABLE 6.2.5. Results of the Subgradient Optimization Procedure for the 15-part,
4-operation, 20-tool, 4-machine Problem where A is divided by 1.2 when ZX (v) fails to
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increase.
Iteration Z§(v) Zyower z* Zypper Step Size (1)
Number (k)
1 1551 1551 1694 1694 2
2 1264 1551 - 1694 1.67
3 1227 1551 - 1694 1.39
4 1331 1551 - 1694 1.39
5 1304 1551 - 1694 1.16
6 1277 1551 - 1694 0.96
7 1386 1551 - 1694 0.96
8 1512 1551 - 1694 0.96
9 1481 1551 - 1694 0.80
10 1553 1553 1677 1677 0.80
20 1554 1557 - 1677 032
22 1559 1559 1589 1589 032 |

Final Bounds: [1559,1589]

e =0.02

(Zupper Ziower)! Zupper< criterion is satisfied.




TABLE 6.2.6. Results of the Subgradient Optimization Procedure for the 15-part,
4-operation, 20-tool, 4-machine Problem where A is halved when ZK (v) fails to increase.
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Iteration Z5(v) Ziower z* Zupper | Step Size(2)
Number (k)

1 1551 1551 1694 1694 2

2 1264 1551 - 1694 1

3 1227 1551 - 1694 0.5
4 1465 1551 - 1694 0.5
5 1514 1551 - 1694 0.5
6 1446 1551 - 1694 0.25
7 1541 1551 - 1694 0.25
8 1565 1565 1592 1592 025

Final Bounds: {1565, 1592]
M is halved when ZK(v) fails to increase.
€=0.02

(Zupper' Zlower) / Zupper< c a'iterion iS Saﬁsﬁed.




TABLE 6.2.7. Results of the Subgradient Optimization Procedure for the 15-part,
4-operation, 20-tool, 8-machine Problem where A is halved when zK (v) fails to increase.
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Iteration Z}‘) ™) Ziower z* Zypper Step Size (1)
Number (k)

1 1482 1482 1642 1642 2
2 1548 1548 1681 1642 2
3 1547 1548 - 1642 1.67
4 1516 1548 - 1642 1.39
5 1440 1548 - 1642 1.16
6 1530 1548 - 1642 1.16
7 1504 1548 - 1642 0.96
8 1548 1548 - 1642 0.96
9 1507 1548 - l@d 0.80
10 1554 1554 1690 1642 0.80
17 1559 1559 1588 1588 0.39

Final Bounds: [1559, 1588]

£=0.02

(ZupperZiower)! Zupper< € citerion is satisfied.




TABLE 6.2.8. Results of the Subgradient Optimization Procedure for the 15-part,
4-operation, 20-tool, 8-machine Problem where A is halved when ZK (v) fails to increase.

Iteration Zl‘) ) Zigwer z* Zypper Step Size ()')
Number (k) ‘ '
1 1482 1482 1642 1642 2
2 1548 1548 1681 1642 2
3 1547 1548 : 1642 1
4 1516 1548 ; 1642 0.5
5 1499 1548 ; 1642 025
6 1552 1552 1736 1642 0.25
7 1558 1558 1694 1642 025
8 1559 1559 1588 1588 0.25

Final Bounds: [1559, 1588]
£=0.02

(Zupper— Zlower) / Zupper< € Ctiterion iS Saﬁsfied.




TABLE 6.2.9. Results of the Subgradient Optimizatibn Procedure for the 15-part,
6-operation, 20-tool, 4-machine Problem where A is divided by 1.2 when zK (v) fails to
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increase.
Iteration ZE (v) Ziower y Al Zypper Step Size (2
Number (k)
1 2435 2435 2720 2720 2
2 1613 2435 - 2720 1.67
3 1398 2435 - 2720 139
4 2039 2435 - 2720 1.39
5 1859 2435 - 2720 1.16
6 2152 2435 - 2720 1.16
7 2108 2435 - 2720 0.96
8 2207 2435 - 2720 0.96
9 1646 2435 - 2720 0.80
10 2122 2435 - 2720 0.80
20 2490 2590 - 2720 0.56
30 2573 2590 - 2720 0.27
40 2590 2590 2681 2681 0.16
43 2593 2593 2632 2632 0.13

Final Bounds: [304, 343]

£e=0.10

(Z‘upper" Zlower)/ Zupper< e criterion is satisfied.




TABLE 6.2.10. Results of the Subgradient Optimization Procedure for the 15-part,
6-operation, 20-tool, 4-machine Problem where A is halved when ZK (v) fails to increase.

Iteration zll.‘) (v) Ziower z* zllpper Step Size (;‘)
Number (k)

1 2435 2435 2720 2720 2
2 1612 2435 - 2720 1
3 1398 2435 - 2720 0.5
4 1932 2435 - 2720 0.5

5 2413 2435 - 2720 0.5
6 2120 2435 - 2720 0.25
7 1727 2435 - 2720 0.125
8 2082 2435 - 2720 0. i25
9 2187 2435 - 2720 0.125
10 2112 2435 - 2720 0.0625
20 2463 2463 2855 2720 0.0625
30 2547 2547 2788 2720 0.03125
40 2275 2572 - 2720 0.0078
50 2299 2572 - 2720 0.0039

- Maximum number of iterations is reached.

Final Bounds: [2572, 2720]

€=0.02
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‘TABLE6.2.11. Loadin

4-machines)

g Problem Solution by Subgradient Optimization Procedure before

the Application of the Lagrangian Heuristic (4-parts, 4-operations, 20-tools

x values:

Xijtm

(]

12
12
12
15

18
11

11

19

14

20
13
14

Xijtm

10
10
13

16
10
10
17

12

values:

Ytm

12
12
13
14
15
16
17
18
19
20

Yim

slack

13
22
16
35

Slacks of constraint set (5.2):

10
10
11
11

Ytm

slack

-35

21

142

Slacks of constraint set (5.1):




 TABLE6.2.12. Loading Problem Solution by Subgradient Optimization Procedure after
the Application of the Lagrangian Heuristic (4-parts, 4-operations, 20-tools, 4-machines)
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7. CAPACITY AGGREGATION

The information exchange between the batching and loading levels in the
hierarchical approach given in Figure 3.1.1 deserves spécial attention. As it is indicated
before, the machining and tool-magazine capacities are treated in an aggregate manner in the
batching level before the loading decisions are made. The capacity aggregation should be
done so as to ensure a feasible disaggregation in the loading level.

7.1. Considerations on Hierarchical Interdependencies

In a hierarchically structured system, three different stages of interdependencies
may be defined [28]. : '

(a) Anticipation: In order to be able to find a feasible solution, the top-level of the
hierarchy considers the relevant characteristics of the base-level, and these characteristics
may be called "anticipated base-level". Choosing an anticipated base-level and taking its
effects on the top-level into account are referred to as an "anticipation". In other words,
anticipation is a bottom-up influence of the base-level on the top-decisions.

(b) Instruction: After anticipating the base-level, the top-level makes a decision
which influences the base-level. This decision is called "instruction”. So, instruction is a top-
down influence of the top-level on the base-level.

(c) Reaction: After the influence of the top-level, the base-level creates a feedback to
the top-level, and this reaction is referred to as a "reaction”.

In many cases, there are more than one instruction-reaction cycle with anticipation
phases prior to each instruction. This instruction-reaction cycle may also be viewed as an
interaction cycle which is called a tandem, and the sequence of all tandems constitutes a
tandém process. Finally, the top- and base-levels agree upon a decision which results in an
implementation inﬂuencing the system.

The tandem process can be descnbed as follows: The top-level anticipates the base-
level and determines a suitable instruction INk which is given down to the base-level. The
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base-level reacts in sending the signal R;: to the top-level after having anticipated a possible
future instruction IN; +1- The tandem represents one cycle of a communicator and/or

negotiation process which finally results in a compromise decision.

7.2. Hierarchical Interdependency of Batching and Loading Levels

The hierarchical integration between the batching and loading levels can be better
explained as a special case of the general framework which is described in [28] and which is
presented in Section 7.1.

The top-level in this hierarchy is the batching level, and the loading level forms the
base-level. Hence, the batching level must take the relevant characteristics of the loading
level into account. So, the batching level anticipates the machine capacities {oamMm} or,
shortly, {Cp} of the loading level by the aggregate system capacity CAP through an
anticipation function AFT(CB). Here, AFT(CB) represents an anticipation of the base
(loading) level, B, at the top (batching) level, T. According to this anticipation, the batching
level determines the batch of parts to be produced as a factual instruction IN for the loading
level, which translates this information into a loading decision. If this instruction is not
feasible, then the loading level transmits a reaction R to the batching level. The anticipation
function AFT(CB) is updated under the reaction R of the base-level, and a new tandem starts.
Hence, it can be seen that the é.nticipation of the capacities in any cycle is, in fact, assumed to
be a function of the loading reactions and can be defined as

- AFT(CB) = AFT(R(CB)) (7.2.1)

Once the instruction for the loading level sent by the batching level is feasible, then
it means that a compromise decision is achieved. So, the instruction obtained by the loading
level leaves the process to be executed in the scheduling level as a final instruction. This
tandem process can be best explained by Figure 7.2.1. In the process of deriving the
instruction for the loading level, the batching level takes into account the decision process of
the loading level and especially the most current reaction transmitted by the loading level.
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Although the loading level is assumed not to anticipate the decision process of the batching
level, it generates its reaction dependent on the batching instructions.

Batching Level

P Al(Ry )

ReactionlRy)  Instruction (IN})

v

Loading - Level

Final Instruction

v

Scheduling Execution

FIGURE 7.2.1. The tandem - process between the batching and loading levels

To describe the hierarchical structure in accordance with [28], let the decision space
of the batching model ATbe defined by (4.2) - (4.9) and the decision space of the loading
model AB be (5.1) - (5.8). Of course in any cycle of the tandem AT is dependent upon the
reaction and anticipation function. Thus |

AT = AJ(R}_;.AFT) < (7.2.2)
Similarly AB is dependent upon the batching instructions, that is,

AB- AB(INY) (7.23)
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Let us define VT and ZB as the objective functions of the top level and the base
level, respectively, by '

VI=3x (7.2.4)
i

ZB = 333 3 Cijtm- Xijm (7.2.5)
ijtm

The decision of the batching level in any cycle af is given by {x‘i',y;j} and the
decision of the loading level in any cycle af is defined by {x;tm ,y;n}. Thus the whole

process can be summarized by

Fel) - max  {VI[af |REaFT]) (7.2.6)

* afeal(ry_parD)

{zk ak |INk]} | (7.2.7)’

)= petto)

Here (7.2.6) implies that thie top level determines the optimal batch in cycle k
considering the reaction Ry _, and the anticipation function AF[. The optimal batch is given
as an instruction IN} to the base level. On the other hand, (7.2.7) implies that the base level
determines an optimal loading schedule over a decision space and an objective function
completely defined by INy. If the loading results are not satisfactory, the base level
determines an optimal reaction Ry . It is important to note that since the problem is assumed
to be deterministic, approximate explicit anticipation is employed without loss of generality
by replacing all parameters by constant values. To solve (7.2.6) and (7.2.7) there exist two
different types of approaches in literature: Pure Top-Down Hierarchy and Explicit
Anticipation Approach. In this study, a heuristic procedure is developed to characterize the
anticipation, instruction and reaction functions.
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7.2.1. Pure Top-Down Hiérarchy

In this approach there is no anticipation function; first the batching model is solved
to yield a factual instruction and then the loading model is solved using this instruction.
When the loading model cannot produce a feasible solution, this fact is stated to the top level.
Knowing that its instruction is not applicable, the batching level would try to generate an
~ acceptable solution with a different aggregate capacity. It is obvious that when a given CAP
value does not permit a feasible loading solution, one may attain feasibility by a lower CAP
value. A naive top-down approach without any formal anticipation would be to lower CAP
iteratively until one obtains a feasible solution accepted by the base level. This may lead to a
simple tandem process without any anticipation, but with a simple reaction just indicating the
state of feasibility. '

In this case, (7.2.6) and (7.2.7) would reduce to

cgnafléaici{v'ﬂ[ag]} (7.2.1.1)
B"' i B x [P“TY 9
2 g P

Incycle k, AL is determined by CAPy whicl} is lowered successively according to
a particular rule. In this study, a unidimensional search similar to Golden section is
employed to generate a sharp and "efficient" CAP value. Thus, an algorithm which is called
Procedure PTD is developed and is given below:

Procedure PTD:

Step 1: Determine two capacity (CAP) values, X; and x3, where X is a capacity
value such that a feasible loading solution can be obtained, and X7 stands
for a capacity value which leads no feasible solution in the loading level.

Step 2: Calculate



Ab=xk-xk - (7.2.1.3)

-where k indicates the iteration number.
Step 3: Calculate

y§ = xK+ Fr.AK (7.2.1.4)
5= xk+ Fo.AK= xf - FrAK (7.2.1.5)

where Fj and F are Fibonacci numbers and 0.38 and 0.62, respectively.
Step 4: Check if the loading problem gives feasible solutions with new capacity
values y}‘ and yl?f.
Step 5: If yi‘ gives a feasible solution, but y‘z‘ causes infeasibility, then let
x5 = y¥ and xk* = yk. v
If both Y and y¥ create infeasibility, then let xk*! = xk and x§*! = yf.
If both y§ and y§ give a feasible loading solution, then let xk*! = y¥ and
Step 6: If a reasonable bound [ x1 , x2 ] for the value of the capacity is obtained, then
stop. Otherwise, perform another iteration, and go to Step 2. ‘

This procedure is applied to a problem with eight parts, four operations, 20 tools
and four machines, and the results are given in Table 7.2.1.1. The results of the same
procedure for the 4-part, 4-operation, 20-tool, 4-machine problem are shown in Table
7.2.1.2. |
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TABLE 7.2.1.1. Results of Procedure PTD for the 8-part, 4-operation, 20-tool,

4-machine Problem

Iteration xi‘ xlz( Ak y ll( Loading y ]2( Loading

Solution Solution

1 500 1000 500 690 Infeasible 810 Infeasible
2 500 690 190 57222 Infeasible 617.8 Infeasible
3 500 57222 7222 52744 Infeasible 544.78 Infeasible
4 500 52744 2744 51043 Feasible 517 Feasible
5 517 527.44 1044 520.97 Feasible 524.1 Feasible
6 524.1 52744 334 52537 Infeasible 526.17 Infeasible
7 ; 524.1 52537 1.27 524.58 Infeasible 524.88 Infeasible
8 524.1 524.58 048 524.25 Infeasible 52439 Infeasible
9 524.1 524.25 0.15 524.15 Infeasible 524.19 Infeasible
10 524.1 524.15 0.05 524.12 Infeasible 524.13 Infeasible
11 524.1 524.12 0.02 524.1 Feasible 524.11 Infeasible

TABLE 7.2.1.2. Results of Procedure PTD for the 4-part, 4-operation, 20-tpol,

4-machine Problem
Iteration x§ ,le‘ Ak y ll‘ Loading v} Loading
Solution Solution
1 750 1000 250 845 Feasible 905 Infeasible
2 845 905 60 8678 | Feasible | 8822 | Feasible
3 882.2 905 22.8 890.86 Infeasible 896.34 Infeasible
4 882.2 890.86 8.66 885.49 . Feasible 887.57 Feasible
5 887.57 _890.86 3.29 888.82 Infeasible 889.61 Infeasible
6 887.57 888.82 1.25 888.05 Feasible 88835 Feasible
7 88835 888.82 0.47 888.53 Feasible 888.64 Feasible
8 888.64 888.82 0.18 888.71 Fcasiblc 888.75 Infcasiblc
9 888.71 888.75 0.04 888.725 Infeasible 888.73 Infeasible




7.2.2. Explicit Anticipation Approach

In this case the anticipation function is defined by

) ) e [PLERNEO] 220

as it is given in [28]. Once (7.2.2.1) is substituted into (7.2.6), one gets a dynamic
programming structure with the batching and loading levels as the two stages of the dynamic
programming model. To avoid the solution of such a model, the top model should solve
(7.2.2.1) for each aT, which is a proper combination of parts to be included in the batch,

and using different {Cp,} values. After this exhaustive "scenario analysis", the top level
should optimize T in (7.2.6) with respect to aT 1o provide an instruction IN*.

In addition to these two approaches, a heuristic approach is proposed in this study
to characterize the anticipation function. '

7.3. Description of the Heuristic Anticipation Process

A heuristic anticipation process is developed in this study as another method of -
characterizing (7.2.6) and (7.2.7). Let us keep in mind that the anticipation function shows
the information content of the top level about the machining capacities. The capacity
«constraints in both levels are given in Table 7.3.1. Since top level batching decisions are
made as an instruction for the loading problem, the batching results should guarantee a
feasible solution for the loading decision space. However as it can be seen above, the
aggregate constraint is much weaker and may lead to batches for which there exists no -
feasible loading soluﬁon. Thus utmost attention must be given to the capacity aggregation,
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and a methodology must be designed to generate a feasible loading solution in an iterative
manner even if the initial capacity aggregation does not yield a feasible base level solution.

TABLE 73.1. Capacity Constraints in Detailed and Aggregate Levels

Detailed (Base) Level Aggregate (Top) Level
2 2 2 Pijtm-Xijtm = Cm Vm (51) | S 3 B;Vi=CAP (4.5)
Pt i jE0(i)
2 ZXijtm =1 Vi,Vj€0(i) (57)
t m

7.3.1. Aggregation Scheme A

Before any information exchange is exercised between the top and base levels, the
anticipation in the batching level should be done according to Aggregation Scheme A,
which basically clusters the variables related with a particular operation into one variable of

the aggregate problem.

Given the detailed variables {Xijun} and thé aggregate variables {yij}» an

aggregation scheme S defined by

. Sl(Xij(m)"’ Yij ‘ (7.3.1.1)
should generate the aggregate columns {APU} from the detailed columns {pijtm} according to

Sl(ﬁjun)"" fiij (7.3.1.2)



In order to achieve this, let gEzO be detailed variable weighting vectors such that

kE(E gij =1 for each (i,j), i = 1,..., N, j € O(i). Thus this is equivalent to clustering by
t.m

ijtm

2223 8i(it,m)- Pijtm- Xijtm => EE fJij ¥ij (7.3.1.3)
1] .

and accordingly

Byj = % 213 g?t,m)'pijtm vi,j€(0(i)) (7.3.1.4)

where g?;'m) can be arbitrarily satisfying ( > )gi&'m) = 1. Because of (5.6), it is sufficient to
t.m

define CAP in (4.5) by

CAP=3Cm | (7.3.1.5)
m

The tool-slot capacities of the machines are also reflected upon the batching level in
an aggregate manner by

SLT = 3 S (7.3.1.6)
m .

The performance of Aggregation Scheme A is analyzed for all test problems by
varying the capacities and processing times. It is observed that it performs fairly well under
mild conditions: the loading model can find a feasible solution in the first cycle when the
processing times are fairly close to each other and / or machine capacities are close to each
other. However as capacities and processing times diverge, respectively, the performance
declines, and the probability of infeasibility increases.
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The 8-part, 4-operation, 4-machine test problem results will be cited as an example.
The detailed processing times {pm} are given in Table 73.1.1 while the aggregate

processing times {f)ij} under Aggregation Scheme A are given in Table 7.3.1.2.

As it can be seen from Table 7.3.1.1, the processing times on M1 and M3 differ
considerably than those on M2 and M4. Taking the aggregate capacity CAP in the batching
level as 800 min and varying the individual machine capacities in the loading level, the
results given in Table 7.3.1.3 are obtained under Aggregation Scheme A. A close look
into the results relieves that as the difference between machine capacities increases, it is
possible to have infeasible solutions; thus the next step is to design an anticipation procedure
when infeasibility is encountered.

When the loading problem turns out to be infeasible for the optimal batch B*

oblained in the batching level, first it is necessary (o relax the loading model by dropping
integrality constraints (5.7) and (5.8) and replacing them by

0= Xjjm=1 (7.3.1.7)
0% Yy 51 ‘ (7.3.1.8)

respectively. If the relaxed loading turns out to be infeasible, an auxiliary operation selection
(AOS) problem is solved to determine the maximum number of operations among the
operations of parts included in B* utilizing the total machine capability. Thus, the following
model is formulated: \

(AOS)

Maximize B=3 3 Vi - (7.3.1.9)
jics

subject to %*2 2 Pijtm-Xijtm < Cm Vm (7.3.1.10)
: i jt



TABLE 7.3.1.1. Detailed Processing Times {pijtm }

Part number 1
tion number 1 2 3 4
Compatible tool set 1 3 9 7 8 11 20 2 5 6 1 16 19
Mach.
Processing 1 63 4 51 54 126 123
time on 2 37 35 15 38 40 31|38 22
each 3 54 66 39 58
machine 4 25 30 16
[Part number 2
Operation number l 2 4
Compatible tool set 9 15-1 7 20 3 4 13 4 7 12
Mach.
Processing 1 57 102 39 18 45
time on 2 27 39 20|10 12 7 9
each 3 56 2 |2 2
machine 4 34 39 18
Part number 3.
Operation number 1 2 3 4
Compatible tool set 12 17 18- 1 9 5 6 5 14
Mach.
Processing | 15 33 51 54
time on 2 25 23 23
each 3 16 18 - 48 28
machine 4 12 20122 21
Part number 4
Operation number 1 2 3 4
Compatible tool sct 7 15 3 5 6 11 14 I8
Mach.
Processing 1 66 96 | 57
time on 2 25 31 25 19|28
each 3 54
machine 4 28 28 23 31
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TABLE 7.3.1.1. Detailed Processing Times {piﬁm } (continued)

i’artnumber 5

Operation number 1 2 3 4

Compatible tool set 18 19 4 7 20 1 3 5

Mach.

Processing 1 3945 36
time on 2 1711015 11 1218
each 3 18 {16
machine 4 15 9

Part number 6

Operation number 1 2 3 - 4

Compatible tool set 11 14-5 9 18 6 8 3 7 8

Mach.

Processing 1 123 57 {84
time on 2 18 21 28 18125
each 3 74 62 |74 40
machine 4 19 39135 30

Part number 7

Operation number 1 2 3 4

Compatible tool set 8 12 14 5 8 1 2 9 10 14

Mach,

Processing 1 51 63 |36 9
time on 2 19 il 6
each 3 30 40 40 10 } 14
machine 4 24 6

Purt number 8

Operation number 1 2 4

Compatible tool set 2 4 8 9 1315 6 7 18 4 6 7

Mach.

Processing 1 57 9%
time on 2 23 15 25 23 29 30
each 3 38 40 5056 34 48 62
machine 4 26 25 27 21
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TABLE 7.3.1.2 Aggregate processing times {f?i,-}

pii
1 2 3 4 5 6 7 8
1 44.67 43 1525 | 39.67 16 1933 35 37.75
2 40 49 315 63.5 12 602 | 4233 | 335
3 394 | 202 31 3433 | 285 | s467 | 154 | 304
4 7725 | 2117 | 3267 | 295 22.5 44.8 633 43.5
TABLE 7.3.1.3. Loading level results
Loading Capacities Loading
Ml ’ M3 M4 Result
RUN 1 200 min 200 min 200 min 200 min Feasible
RUN 2 75 min 175 min 75 min 475 min Feasible
RUN 3 50 min 150min | 50min | 550min_ | Feasible
RUN 4 75 min 100 min 75 min 550 min Feasible
RUN 5 150 min 75 min 75 min 500 min Feasible
RUN6 | 300min | 100min | 300min | 100min | Feasible
RUN7 | 400min | 100min | 200min | 100min | Feasible
RUNS8 350 min 50 min 350 min 50 min Infeasible
RUN9 400 min 30 min 300 min 120 min Infeasible
RUN 10 | 450 min 50 min 250 min 50 min | Infeasible

Yijs M. 3 3 xijm
tm

Xijtm = (0,1)

yij=(0.1)

YieB®,jt.m

. x .
Yi€B.j (7.3.1.11)

(7.3.1.12)

VieB'j (7.3.1.13)
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Since (AOS) is a relaxed version of (M1), it is always possible to find a feasible
solution. Then the total processing time obtained in the (AOS) solution provides an upper
bound about a feasible operation-machine capacity configuration. Then the next cycle of the
tandem starts solving the batching model under Aggregation Scheme A with CAP equal

to the total processing time obtained in the optimal (AOS) solution.

If the relaxed loading on the other hand turns out to be feasible, the dual-variables
associated with capacity constraints convey valuable information about capacity aggregation
and a surrogate constraint should be developed by using the dual variables of the relaxed -
loading model. This surrogate constraint will be included in the batching model of the next

tandem cycle.
Let us consider the following model (SM):

(SM)

Max Z = 3.¢j.xj
j

subject to 2ajjXjs S Vi

J
Xj e{o,1}

In this model (SM), the following constraint

Jaj;xjssi \ Vi
J

can be replaced by the surrogate constraints

};Em.aij.xjs Eui.si Vi
i] i

(7.3.1.14)

(7.3.1.15)

(7.3.1.16)
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where u> 0, and S and S(u) are vthe set of binary solutions to (7.3.1.15) and (7.3.1.16), and
since S(u) 2.8, (7.3.1.16) is weaker than (7.3.1.15).

A good surrogate should have the property of eliminating as many nonoptimal

completions as possible. Let

f(u)=-max20}xj X ES(u) (7.3.1.17)
j

A way to define a strongest surrogate constraint is to say that u generates a stronger -
constraint than u' if f(u) < f(u"). In other words, if the best solution in S(u) is worse than the -
best in S(u'), it is likely that there are more nonoptimal solutions in S(u') than in S(u).
Hence, the best surrogate constraint would be generated by u*, where

f(u") = min f(v) (7.3.1.18)
ux0

Since it is hard to solve (7.3.1.18), a reasonable estimate of u* can be calculated by
dropping Lhe integrality restrictions in S(u) as

f'(u) = max ¥cj.x;
J

subject to 2 Zuj.aj.xjs TS (7.3.1.19)
i] i ;
O< st 1

and generating the best surrogate constraint by u0, wherce

{'(u% = inin f'(u) (7.3.1.20)
ux=0

and u0 stands for the dual variables corresponding to the constraint set (7.3.1.15).
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7.3.2. Aggregation Schemé B

The inclusion of dual variables in the development of the surrogate constraint
requires additional refinement in the processing time aggregation. Thus, the Aggregation
Scheme B is developed to serve this purpose.

Given the detailed variables {Xijtm} and aggregate vaxiables{iijm} , an aggregation
scheme Sp defined by

SZ{Xijtm} — Kijm | (7.3.2.1)

shouid generate the aggregate columns {F/’\pijm} from the detailed columns {Ppij:m}

according to
A N 7
Sz{Pijtm} ~ PPijm (7.3.2.2)

In order to achieve this, let h}\im = 0 be arbitrary detailed variable weighting vectors such that
Shi™ =1 for each (i,j)i=1,..,N,j€O(i),m =1,...M. Thus this is equivalent to
t ,

clustering by

3 S0P P Xijm = ZZpp.. -Kijm  Vm (7.3.2.3)
ijt ijoriym

and accordingly
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A .
PPijm = 3 niim piopry Vi,j EX(i),m
t
(7.3.2.4)

Thus, the capacity constraint (5.1) turns out to be

3305 -Xijms Cm
i j PPijm Vm (7.3.2.5)-

Let uy be the dual variable associated with the capacity constraint of machine m.
Then the aggregate capacity constraint to be included into the bétching model is defined by

m i

E umEEPAp.. ium < Eum-cm (73.2.6)
7 PPim T

Figure 7.3.2.1 summarizes the overall process of developing a capacity anticipation
function in an iterative manner in the direction of improving loading feasibility. Furthermore
the results of the proposed anticipation process for the 8-part, 4-operation, 4-machine
problem in RUNS are given in Table 7.3.2.1 and for the 4-part, 4-operation, 4-machine
problem in Table 73.22.

When the results obtained by Pure Top-Down Hierarchy and Heuristic Anticipation
Process are examined, it is not possible to state which one of the approaches perfoims better
than the other, and it can be concluded that the performance of these two procedures depend
on the problem setting they are applied. For example, the solution of the problem with four
parts, four operations, 20 tools and four machines by Pure Top-Down Hierarchy creates
less slack processing time (240 hours) in the system when compared to the slack obtained by
Heuristic Anticipation Process (442 hours).' However, it is observed that Heuristic
Anticipation Process performs better than the Pure Top-Down Hierarchy for the 8-part,
4-operation, 20-tool, 4-machine problem in terms of the slack processing time in the system
because Pure Top-Down Hierarchy gives a slack of 320 hours for this problem while the
other method creates 215 hours slack processing time.



Aggregation Scheme A

v

TOP LEVEL

BASE LEVEL

Batch of Parts (IN"‘()

4

Aggregation Scheme IJ

AFL V)

with CAP = UBPT}

Aggregation Scheme Al

AFE(N)

Load-Plan

Feasible ?

Relaxed Loading

Feasible ?

AOS

Upper bound for

total agsignable

processing time
(uUBPT )

FIGURE 7.3.2.1. The flow-chart of the anticipation process
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TABLE 73.2.1. Results of the anticipation process for the 8-part, 4-operation. 20-tool,
4 -machine problem

=1

Batching Problem

System Capacity = 1000 min.

X1,X2/,X3,X4,%5,%6,x7 and xg areincluded
in the batch.

Loading Problem .
Objective: Cost Minimization No feasible solution
0 - 1 Integer Problem ,

Relaxed Loading Problem

Objective: Cost Minimization No feasible solution

0 =xjjtm =1,0sYy, s1

Auxiliary Operation Selection
Problem(AOS)

Feasible solution

Total processing time = 794 min. '

k=2

Batching Problem

System Capacity = 794 min.

X3,X4,X5,X6 ,x7 and xg are included in the
batch.

Loading Problem

Objective: Cost Minimization
0 - 1 Integer Problem

No feasible solution

Relaxed Loading Problem

Objective: Cost Minimization
Osxijtm 1,05y =1

' No feasible solution

Auxiliary Operation Selection
Problem(AOS)

Feasible solution

Total processing time = 769 min.

k=3

Batching Problem

System Capacity = 769 min.

X2,X3,X4,X5,x7and xg are included in the
batch.

Loading Problem

Objective: Cost Minimization
0 - 1 Integer Problem

No feasible solution

Relaxed Loading Problem

Objective: Cost Minimization
0<xjtm s1,05Y 4 <1

‘Feasible solution

ine Dual Pri
E 0.956158
3.057781
1.027797
2.503802

£ LN -

Batching Problem

Capacity of the Surrogate
Constraint = 97246
System Capacity = 769

X1,X5,x6and x7 are included in the hatch.

Loading Problem

Objective: Cost Minimization
0 - 1 Integer Problem

Feasible solution




79

TABLE7.3.2.2. Results of the anticipation process for the 4-part, 4-operation. 20-tool,
4 -machine problem

k=1

Batching Problem

System Capacity = 1000 min.

| x2 and x4 are included in the batch.

Loading Problem

Objective: Cost Minimization
0 - 1 Integer Problem

No feasible solution

Relaxed Loading Problem

Objective: Cost Minimization
0=xjim s1,0sy4y, =1

No feasible solution

Auxiliary Operation Selection
Problem(AOS)

Feasible solution

‘l'otal processing time = 622 min.

k=

Batching Problem

System Capacity = 622 min.

[ x5 is included in the batch.

Loading Problem

Objective: Cost Minimization
0 - 1 Intecer Problem

Feasible solution
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8. SCHEDULING LEVEL

Once a machine loading and tool allocation scheme is obtained, it becomes
necessary to schedule the parts on the shop-floor, which is’the goal of the third level. An
FMS scheduling problem is considered to be a detailed minute-by-minute scheduling of the
machines, material-handling system, and other support equipment [15]. Given the actual
shop conditions and a set of parts determined in the batching level with known processing
requirements obtained according to the loading level decisions, scheduling deals with
performing the following tasks:

(@) Schedule actual release times of the jobs to the shop-floor.

(b) Sequence the jobs and determine the start and completion times of each
operation on the required machine. ' ‘

(c) Assign free AGVs to the transportation of parts from the central buffer or from
the output buffers of the machines to the input buffers of the machines.

(d) Monitor the execution of the schedule and provide effective contingency

handling.

For a dynamic and highly integrated system such as an FMS, the scheduling of
machines and of the materials-handling system in real time and considerations of limited
input/output buffer capacities are of particular importance.

From a system point of view, an FMS consists of two interrelated subsystems as a
machining subsystem and a materials-handling subsystem. The machining subsystem can be
defined as a job-shop where parts with different processing steps and routing plans are
processed. The material handling system, on the other hand, is generally an AGV system
where mobile vehicles move the parts from one machine to another along a pre-defined path.

These subsystems affect the performance of each other because any task performed
in one of these systems create a 'driving force' for the other. For example, a job completion
at a machining center gencrates a requirement for an AGV while completion of a
transportation service by an AGV determines jbb potentials for machining centers. In an
FMS, these subsystems must be concurrently treated since none of these is dominant on the
other. At one time, the machining subsystem can be a 'constrained resource' where at some
other time, the' AGV system becomes a ‘critical resource'. Due to this interaction, both
subsystems must be considered simultaneously in scheduling an FMS.
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Apart from these two subsystems, the input and output queue capacities at
workstations must also be. taken into account. Because of the limited capacities of these
queues, there is always a possibility that a machine can be blocked or the system can be
locked. In this study, blocking is defined as the state of a machine when it cannot move the
currently processed part to the output buffer. Locking of the system occurs when no further
action can be taken, so that system capacities should be modified to resolve it.

The loading models discussed in this study all attempt to assign each operation to a
single machine-tool pair as given by (5.6); thus the route along which a part can flow
through the system is determined imiquely, and there is no need for a routing decision.
Therefore the output from the loading stage is the necessary machine-tool assignments for
the operations of a given batch of parts, and the next stage is concerned with scheduling the
operations to the machines in the two subsystems described above.

The parts waiting in the input buffer of a machine are released to be processed on
the machine according to a dispatching policy and taken to the output buffer of the machine
when the processing terminates. The part should wait in the output buffer queue until an
AGV becomes free and selects it to transport to its next operation. Thus, in a general sense it
is necessary to determine

(a) a part dispatching rule which will choose a part in the mput buffer queue to start
processing on the machine;

(b) an AGV dispatching procedure which wxll assign a free AGV to the
transportation of a particular part from the output buffer to the input buffer of the machine in
which the next operation will commence.

- The purpose of the scheduling stage is to analyze the effect of different dispatching
rules on the performance measures of an FMS environment by varying model parameters of
the hypothetical system described in Section 3. To make reliable conclusions, the system
utilization or tightness is deéigned to be high in all problems where the AGV is always the
bottleneck resource. '



8.1 Scheduling Assumptions

To simplify the scheduling model, the following assumptions are made:

(a) agiven set of parts with equal release times is considered in a static
problem setup, and on-line scheduling to schedule all operations of already available jobs
for the entire scheduling period is employed;

(b) the loading and tool allocation decisions have been made to provide a
single route for each part;

() the tools required to process the parts under consideration during the
scheduling period have already been installed upon the tool magazines, and there is no
setup during the scheduling period; | |

(d) machine and AGV breakdown is not included; ,

(e) each machine can process at most one part at a time, and an AGV can transfer
at most one part at a time;

(f) pre-emption is not permitted;

(g) traffic congestion, thus the blocking of AGVs, is not included;

(h) the AGV travel time is directly proportional to the distance traveled, and
without foss of generality traveling times are computed on the single-loop
unidirectional distances; ‘ |

(i) partload/unload time toan AGV is known and included in the computation
of travel times,

(j) pallet availability is not considered, and an infinite number of pallets
is assumed.

8.2 The Scheduling Algorithm

A scheduling procedure is developed in this paper to assign the parts to the AGVs
for a transfer between two consecutive operations and to release parts to be processed on the
machines. In the process of scheduling, the first action has to be releasing jobs to the shop-
floor from the central buffer until all the AGVs in the system become busy by transportation

NS}
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of these jobs for their first operations. The time point that this action is taken is referred to as
t = 0. A decision should be made whenever “
(a) an AGV completes its current transfer and becomes ready for the next transfer;
(b) a machine completes processing a part and becomes réady for processing some
other part. |

The situation when a machine completes processing a part does not create an inter-
machine activity. The part movement takes place within the machine center. If the next
operation of the part is to be processed on another machine, then it is taken to the output
buffer of the machine depending on the number of parts waiting in the output buffer and the
buffer capacity. If the part can be moved to the output buffer, then a part from the input
buffer is selected to be processed on that machine. An inter-machine part movement may
occur when an AGV completes its current transfer and becomes free. In dispatching an
AGV, push and pull-based rules can be implemented simultaneously according to a
hierarchical execution similar to Sabuncuoglu and Hommertzheim [16] . As it is well-
known, in the push procedure an idle AGV selects a part among the set of jobs waiting in the
output buffers of the machines to transfer to the next operation; however in the pull-
procedure first a machine with the highest priority for part replenishment is selected, and
then a part is selected among the set of jobs which can move to the selected machine as
described in Yim and Linn [25]. Whenever an AGV becomes available for its next transfer, a
hierarchical search is executed according to the flow-chart given in Figure 8.2.1.

In this hierarchical approach, the blocked machines have the highest priority since
blocking may later cause locking of the system. In order to remove blocking, the output
buffers must be emptied by transferring the parts in these output buffers to their destination
machines. Hence, since the selection of a part by the free AGV is under consideration, push
logic applies at this point of the hierarchy. The next level of the hierarchy deals with the
_selection of parts from the central buffer again with the push logic. In the third level, since
first the destination machine is selected, it can be stated that the actions taken at this stage are
the results of the pull-procedure. In the lowest level of the hierarchy, a kind of look-ahead
rule is applied, and the parts that have not finished being processed or have not even started
being processed are also taken to be candidates for transportation. This way time loss may be
prevented by allowing the transportation of an'AGV and the proceséing of the part which
will be transferred to its next operation by that AGV take place simultaneously. Hence, in
this level both the AGV and the part can initiate transportation, so that the procedures at this
stage may be performed according to either push or pull logic. :



Figure 8.2.1. Hierarchical structure of the scheduling algorithm
The details of the scheduling algorithm are given below in an iterative manner.

The Scheduling Algorithm:

Hierarchical
Level 1

Hierarchical
Level 2

Hierarchical
Level 3

Hierarchical
Level 4

Identify Blocked Machines
(Push Logic)

v

Identify Unprocessed
Parts in the Central Buffer

(Push Logic)

:

Identify Idle Machines
(Pull Logic)

3

Identify the Best

| Machine-Part Combination

(Push / Pull Logic)

Initial Release of the Jobs from the Central Buffer:

Step 1:
Step 2:

Step 3:
Step 4:

Step 5:
- Step6:

Step 7:

If t = 0, then continue. Otherwise, go to Step 8.

Check if there is any job in the central buffer. If yes, then continue.
Otherwise, go to Step 28. '

Check if there is a free AGV in the system. If there is, then continue.
Otherwise, go to Step 28.

Choose an AGV randomly.

Select one of the jobs in the central buffer according to rule 1 (R1).

If the destination machine of the selected job is free, then move the job
onto the machine. Otherwise, move it to the input buffer of the machine if

there is free space in the corresponding input buffer.

Go to Step 1.

N




Dispatching of Parts on the Machines:

Step 8:

Step S:

Step 10:

Iftis equa!‘ to the finishing time of some jobs, then check, for each
finishing job, if its next operation is assigned to the same machine. Start
processing the next operations for the parts which satisfy this condition.
For each of the other jobs, check if there is space in the output buffer of
the current machine. If there are jobs salisfying this condition, then select
one of them randomly. Move the selected job to the output buffer.

Check the input buffer of the machine from which the selected job is
moved to see if there are any jobs waiting to be processed. If yes, then
choose one of them according to rule 2 (R2). Move the job selected onto
the machine.

If tis equal to the amrival time of any AGV, then continue. Otherwise, go
to Step 27.

Identification of Blacked Machines:

Step 11:

Step 12:

Step 13:

Step 14:

Check if there are any machines blocked in the system. Consider only the
ones which have at least one job for which the destination machine has
available space in its input buffer. If such machine(s) exist(s), then
continue. Otherwise, go to Step 15.

If there exist more than one blocked machine which satisfy this condition,
then select one according to rule 3 (R3).

Choose one of the jobs waiting in the output buffer of the selected
machine according to rule 4 (R4).

To move the job chosen to its destination machine so that the machine is
no more blocked, assign the AGV to the blocked machine. If the arrival
time of the AGV is equal to time t, then go to Step 8. Otherwise, go to
Step 28. ' | |

Identification of Unprocessed Jobs in the Central Buffer:

Step 15:

Step 16:
Step 17:

Check the central buffer to see if there are any jobs waiting to be
transferred and the destination machines of which are available. If there is,
then continue. Otherwisé; go to Step 18.

Choose any job from the central buffer according torule 1 (R1).

Assign the AGV to move the selected job to its destination machine. Go to
Step 28.



- Identification of Idle Machines:

Step 18:

Step 19:

Step 20:

Check if there is any idle machine in the system. If yes, then continue.
Otherwise, go to Step 21.

Select ajob which can proceed to one of the idle machines according to
rule 5 (RS). If there is no such job, then go to Step 21. Otherwise,
continue.

Assign the AGV to move the selected job to the idle destination machine.
Go to Step 28.

ldentification of AGV / Part Priorities:

Step 21:
Step 22:

Step 23:

Step 24:
Step 25:

Step 26:

Step 27:

Step 28:
Step 29:

Step 30:

Step 31:

Determine the arrival time of each AGV to each machine.

Find max(AGV Armival Time, Operation -Completion Time) for each
machine and for each job being processed on the machines or in the output
buffers of the machines, so that the earliest starting time of transportation
(ESTT) for each AGV-job combination is determined.

Eliminate the jobs for which the input buffers of the destination machines
are not available.

Choose the job among the remaining ones with min (ESTT).

If more than one job satisfy this condition, then select the job according to
rule 6 (R6). |

If the arrival time of the AGV is equal to time t, then go to Step 8.
Otherwise, go to Step 28.

Check the system to see if there are still operations to be performed in the
system. If yes, then go to Step 21. Otherwise, continue.

t=t+ 1. - : : .
Check if t is equal to the finishing time of a job which has already been
assigned to an AGV at Step 24 before it has finished being processed. If
yes, then move it to the output buffer in order to make it ready for
transportation.

Check if there are any jobs waiting in the input buffers of the machines
which become free at time t at Step 29. If yes, then move these jobs onto
the machines by selecting them according to rule 2 (R2).

Go to Step 8. | |
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As it can be seen, the algorithm is uniquely defined by the choice of six dispatching
rules at different decision points. The combined effects of various dispatching rules are
tested to analyze the sensitivity of the system.

8.3 Performance Measures

The relative performance of rules is compared against different measures given
below: ‘

(a) Mean waiting-time (WT) includes total waiting time in the central buffer, total
waiting time in the input buffer, total waiting time in the output buffer, total waiting time on
the machine during blocking, and the mean waiting-time (WT) is the average of the waiting
times of all parts.

(b) Flow-time (FT) consists of total processing time, total waiting time, total
transfer time, total load / unload time, and the mean flow-time (MFT) is the average of the
flow times of all part types.

(c) Makespan (MS). .

(d) Blocking-time percentage (BT) is obtained by dividing total blocking time on all
machines by the makespan.

(e) AGYV utilization is calculated by dividing the average duration that an AGV is
busy by the makespan.

8.4 Scheduling Rules

Since the system performance is sensitive to the joint-effect of all rules imbedded in
the algorithm, it is necessary to try all relei'ant combinations of rules at different decision
points, and thus a scheduling strategy is defined by a 6-tuple (R1, R2, R3, R4, RS5,
R6). Since there exist a large number of rules in the scheduling literature, without loss of
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generality some well-known rules' given in Table 8.4.1 are selected to be analyzed under the
experimental conditions to be mentioned below.

TABLE 84.1. Scheduling Rules

Decision Point Short Name ‘Description

R1 SPT Choose the part with the shortest processing time.

R1 LPT Choose the part with the longest processing time.

R2 FCFS Choose the part that arrived first at the input buffer.

R2 SPT Choose the part with the shortest processing time.

R2 MWKR Choose the part with the most work remaining.

R3 SDT Choose the blocked machine which is closest to the
free AGV.

R4 Lwil Choose the part waiting for the iongcst time.

R4 SWIIB | Choose the part which will wait for the shortest
time in the input buffer of the destination station.

R5 LWy Choose the part waiting for the longest time.

RS SDT Choose the part which is closest to the AGV.

R6 LwWJ Choose the part waiting for the longest time.

R6 SWTIB Choose the part which will wait for the shortest

- time in the input buffer of the destination station.

8.5 Experimental Design and Resuits

’

The purpose of the scheduling stage is to study the performance of the FMS
algorithm discussed in Section 8.2. All the test problems generated in the batching and
loading stages are analyzed under the following experimental conditions:

(a) varying the number of AGVs between one and five;

(b) varying the input/output buffer capacities between one and five and

output buffer capacities between one and four;
(c) varying the ratio of AGV traveling time to the machine processing time

(TPR) between 0.25 and 1.00;

(d) varying the scheduling rules in the algorithm;



(e) using different performance measures.

The test environments are not designed with the same parameter values for all
problems. In fact, (a), (b) and (c) implicitly address some inherent design questions for a
tight system ldad, so the problems are created in a manner where the AGV system becomes
the bottleneck resource. It must be emphasized that the number of AGVs is increased
whenever locking problem arises in the system, and input/output buffer capacities may also
be changed to prevent this problem still keeping the AGVs as the critical resources. Hence,
the experiments carried out for each test problem are performed in systems with different
parameters in terms of the number of AGVs and the input/output buffer capacities to yield
the same system load tightness.

A computer program is written in PROGRESS 4GL to perform the FMS scheduling
according to the scheduling algorithm developed and to calculate the required statics.

8.5.1. Interrelations between Model Parameters and Performance Measures

The following results are found to be valid for all the models under varying
experimental conditions: _

(a) decrease in the input buffer capacity increases the mean-flow time and
makespan; , ,
(b) decrease in the number of AGVs increases the mean-flow time and makespan;

(c) decrease in the number of AGVs increases the waiting time in the output buffer
and blocking time percentage;

(d) joint consideration of smaller input buffer capacity and higher number of AGVs
does not necessarily improve the mean-flow time and the makespan;

(f) AGV utilization is correlated with the TPR value. It increases as the TPR
increases. However, it must also be emphasized that the AGV utilization is high in most
cases whatever the value of the TPR is, and the utilization generally varies between 0.80 and
1.00 related to the fact that AGV is the critical resource of the system.



8.5.2. Testing Performance of the Rules

(A) Mean-flow and makespan performances of (R1) in the proposed algorithm
under varying number of operations are shown in Figures 8.5.1 and 8.5.2, respectively.

ar
:
S
g
32 60 90 120
Number of operations
—0——SPT ——DO-—~~LPT

FIGURE 8.5.1. Mean-flow time performances\ of LPT and SPT inR1

As far as the mean-flow time and makespan criteria are concerned, it is observed
that the performance of both rules are nearly the same for fairly low values of the number of
operations. However, the difference between the performances of these rules in terms of
mean-flow time and makespan becomes more apparent in favor of SPT as the number of
operations in the system increases.

It is observed that locking may occur when the parts enter the system according to
the LPT rule while no such problem arises if SPT rule is used instead. The existence of
locking means that no part movement can take place in the system related to the buffer
capacities and the number of AGVs in the system, and one way to avoid locking is to
‘increase the input buffer capacity which is also observed in this study.
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FIGURE 8.5.2. Makespan performances of LPT and SPT in R1

(B) Mean-flow and makespan performances of (R2) under varying TPR values are
given in Figures 8.5.3 and 8.54, respectively.
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FIGURE 8.5.3. Mean-flow time performances of MWKR, FCFS and SPTinR2

Again it is observed that MWKR ‘and SPT rules may create locking in some

| problems which do not experience locking under SPT and FCFS. With respect to mean-flow
time optimization, MWKR rule gives the worst results. In fact, in all problems with different

scheduling rule combinations SPT outperforms FCFS and MWKR with respect to mean-

flow time optimization. However the respective performances of the rules show variations

with respect to makespan optimization. For a given number of operations, by varying TPR
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FIGURE 8.5.4. Makespan performances of MWKR, FCFS and SPT in R2

values one may obtain a few cases where MWKR or FCFS provides better results than SPT
as it can be seen in Figure 8.5.4. On the other hand for a given TPR, by varying the number
of operations one observes that MWKR rule performs better than the others as it can be seen
in Figure 8.5.5 for a TPR value of 0.35. 1

Makespan

Number of operations

——4dA—-MWKR ---0---SPT  ——O—FCFS

FIGURE 8.5.5. Makespan performances of MWKR, FCFS and SPT for R2

(C) Mean-flow and makespan performances of (R4) under varying number of
operations are shown in Figures 8.5.6 and 8.5.7, respectively.

In all cases LWJ performs better than SWTIB regardless of TPR.
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FIGURE 8.5.6. Mean-flow time performances of LWJ and SWTIB in R4
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FIGURE 8.5.7. Makespan performances of LWJ and SWTIB in R4.

(D) Mean-flow and makespan performances of (RS5/R6) combination under
varying TPR values are shown in Figures 8.5.8 and 8.5.9, respectively.

It is observed that in most LWJ/SWTIB rule combination gives the best
results with respect to makespan optimization while SDT/SWTIB rule combination performs
better with respect to mean flow time criterion.
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FIGURE 8.5.8. Mean-flow time performances of LWJ/LWJ, LWJ/SWTIB, SDT/LWJ and
SDT/SWTIB rule combinations in (R5/R6)
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FIGURE 8.5.9. Makespan performances of LWJ/LWIJ, LWJ/SWTIB, SDT/LWJ and
SDT/SWTIB rule combinations in (RS/R6)

(E) Mean-flow time and makespan - performances of (R4/R5/R6) combination
under varying TPR values are shown in Figures 8.5.10, 8.5.11, 8.5.12 and 8.5.13.

When the results are examined, it is observed that there is not a rule combination
which outperforms the other rule combinations. However, it can be seen that in many cases
the rule combinations where R5is LWJand R6is SWTIB provide better results than the
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FIGURE 8.5.10. Makespan performances of LWJ/LWJ, LWJ/SWTIB, SDT/LWJ and
SDT/SWTIB rule combinations in (R5/R6) while R4 is LWJ
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FIGURE 8.5.11. Makespan performances of LWJ/LWJ, LWJ/SWTIB, SDT/LWJand
SDT/SWTIB rule combinations in (R5/R6) while R4 is SWTIB

others, and this observation is in fact consistent with the conclusions drawn about (R5/R6)

combinations in Part (D).

The results showing the mean-flow time performances of the rules show that again
it is not possible to determine the best rule combination, but it can be concluded that
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generally the combinations formed by taking RS as SDT and R6 as SWTIB create better
performances as stated in Part (D). '
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FIGURE8.5.12 Mean-flow time performances of LWJ/LWJ, LWJ/SWTIB, SDT/LWJ
and SDT/SWTIB rule combinations in (RS/R6) while R4 is LWJ

g8

Meanflow time
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SDT/LWJ SDTISWTIB

LIW/LWJ LWJ/SWTIB

Rule Com_binatibn

- FIGURE 8.5.13. Mean-flow time performances of LWJ/LWJ, LWJ/SWTIB, SDT/LWJ
and SDT/SWTIB rule combinations in (R5/R6) while R4 is SWTIB

Other conclusions that can be drawa about (R4/RS5/R6) combination is that in most
cases taking R4 as LWJ performs better than taking it as SWTIB in terms of both mean-flow
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time and makespan, and (SWTIB/SDT/LWJ) combination gives the worst mean-flow. time
results in all cases.



9. CONCLUSION

In this study, the operational decisions which must be considered in the planning of
Flexible Manufacturing Systems are structured into a hierarchy of three levels considering -
the fact that there exists a high interaction between them. At the top level of the hierarchy,
batching decisions are considered by taking all the information in an aggregate manner. Later
in the second level, the information sent from the upper level is disaggregated into detailed
information in order to solve the loading problem. Finally at the lowest level, machines and
material handling system are scheduled according to the information obtained from the
loading level. Thus, an information flow from up to bottom is achieved, but also the
information of the upper levels is updated by the feedback of the lower levels.

Batching problem in this study is solved by making use of a linear mathematical
model and a greedy heuristic, and it is found out that such a sequential procedure provides..
enough flexibility to cope with the incoming orders while the current order is being
processed and with unexpected conditions such as machine breakdowns. Thus, it is
suggested that such a procedure with its dynamic structure can be a good alternative to the
approach which divides the entire order into batches all at once. '

The reason that the batching problem is expressed in aggregate terms is that it is not
worth the effort to include all the details of the process while only determining the parts to
enter the shift. However, it is observed in this study that batching decisions do not always
provide good information for the loading level so that a feasible loading solution cannot
always be obtained. Then, it is observed that there exists no efficient solution in literature to
cope with this problem, and in this study, two solution approaches are suggested: an
algorithm called Procedure PTD which is a unidimensional search similar to Golden section
and which can generate a sharp and an efficient capacity value for the batching problem
developed according to the pure top-down hierarchy approach and a heuristic anticipation
process which is designed to generate a feasible loading solution in an iterative manner even
if the initial capacity aggregation does not yield a feasible base level solution. Both

. procedures are run for several test problems, and it is found out that they provide really good
uppér bounds for the aggregate capacity values in the batching problem. It is also seen that
the algorithm called Procedure PTD gives more sensitive values than the heuristic

anticipation process.



For the loading problem, it is noticed that the integer models become hard-to-solve
as the size of the problem gets larger especially for the models with objective functions
- (5.10), (5.12) and (5.13). Hence, it is seen that an alternative method is really necessary to
solve the loading problem as the problem size gets larger, and it is observed that Lagrangian
relaxation turns out to be an efficient method. The Lagrangian approach used in this study is
furthermore the most extensive one in literature as far as the number and the type of the
constraints are concerned. At the beginning of the runs, it was expected that the subgradient
optimization procedure with the relaxed loading problem would be sufficient to obtain
feasible results. However, the experiments showed that this was not always possible.
Hence, a Lagrangian heuristic which makes the loading solutions feasible is suggested in this
study, and it is found out that the heuristic gives reasonable bounds for the optimal values of
the loading objectives. Another conclusion about the Lagrangian relaxation approach to the
loading problem states that the choice of the reduction method for the step size in the
subgradient optimization procedure depends on the problem under consideration, SO no
general conclusions can be drawn. In fact, it must be emphasized that halving the step size
which is the most common method found in literature is not always the best method for all
types of problems.

In the scheduling level, the test environments are designed in a manner that the
AGV system is the critical resource. Hence, the number of AGVs is only increased when the
locking problem arises, and the input/output buffer capacities may also be increased to
prevent locking still keeping the AGVs as the critical resources. On the other hand, it is
found out that increase in the input buffer capacity decreases the mean-flow time and
makespan, and increase in the number of AGVs decreases the mean-flow time, makespan,
waiting time in the output buffers and the blocking time percentage. It is also observed that
the AGV utilization is highly correlated with the TPR value and the AGV system becomes a
more critical resource as the TPR value increases.
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TABLE A.3.4.1. Costs and Processing Times for the 4-part, 4-operation, 20-tool,

4-machine Problem
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TABLE A.5.1. Processing times (15 parts, 8 operations, 20 tools, 6 machines) in the loading model

Part number 1
Operation number 1 2 3 4 5 6 7 8
Compatible tool set 1 3 9 7 8 11 20 2 5 6 1 16 19 15 16 12 14 4 10 13 3 17 19
Mach.
1 21 18 17 18 42 41 1226 19 32
Processing 2 37 35 15 38 40 31]38 22 33|15 21 29 19
time on 3 27 33 19 29 29 18 25
each 4 25 30 16 28 30 28
machine 5 32 29{20 24 24 21 16 25 22
6 25 23 32 22 39 45 30]31 14 28 23
Part number 2
Operation number 1 2 3 4 5 6 7 8
Compatible tool set 9 15 1 7 203 4 13 4 7 121 1120 3 7 8 12 4 6 8 9 14
Mach.
1 19 34 13 6 15126 g8 12 9
Processing 2 27 39 20}10 12 7 9 16 17 23|10 6 14 12 30
timeon 3 28 11 11 13 7 14117 10 1521 33
each 4 34 39 18 19 24
machine 5 30 38 14 21 11 12 12 5 18 27
6 42|26 31 14 |22 21 9
Part number 3 ,
Operation number 1 2 3 4 5 6 7 8
Compatible tool set 12 17 181 9 § 6 5 14 7 8 11 10 16 15§ 2 6 17
Mach.
1 5 11 17 18 |14 15 28
Processing 2 25 23 23115 19421
timeon 3 8 9 24 14 21 30 29 31
each 4 12 20| 22 21 24 30
machine S 11 28 25 37
6 12 28 25 23 24|35 35

o1



TABLE A.5.1. Processing times (15 parts, 8 operations, 20 tools, 6 machines) in the loading model (continued)

Part number 4
Operation number 1 2 3 4 5 6 7 8
Compatible tool set 7 15 3 5 6 11 14 18 12 13 1 2 1 4 5 6 20
Mach.
1 22 32119 18 26 31 11
Processing 2 25 31 25 19|28 28 33 31 8 12
time on 3 27 23 30 28 7
each 4 28 28 23 31 27 9
machine 5 30 38 32 27 22 34
6 20 22 20 28 30 39 12
Part number - ) 5
Operation number 1 2 3 4 5 6 7 8
Compatible tool set 18 19 4 7 201 3 5 5 6 1 9 19 3 7 15 14 18
Mach. ' A
1 13 15]12] 18 11 21 28
Processing 2 17]10 5 11]|12 18 1013 -16]18 29 16
time on 3 9 8 9 18
each 4 15 9113 17 16 16
machine 5 20 11 23 22 18127 31 12
6 23 14 18 17119 17 23 23 21
Part number 6
Operation number 1 2 3 4 5 6 7 8
Compatible tool set 11 14 5 9 18 6 8 3 7 8 1 1416 2 5 7 8 1 2 4
1 41 19 28 11 14 22121 15
Processing 2 18 21 28 18 25 10 13 20 14 19
time on 3 37 31 37 20 15 24 16 18
each 4 19 39 35 30 19 ' '
machine 5 23 30 22 21 17 18 13
6 23 28 18 13 ~17{20 20119 11

DI



TABLE A.5.1. Processing times (15 parts, 8 operations, 20 tools, 6 machines) in the loading model (continued)

Part number I 7
Operation number 1 2 3 4 5 6 7 8
Compatiblc tool set g 12 14 5 8 1 2 9 10 14 1 6 20 18 19 17 20 14 15
Mach.
1 17 21 12 3 9
Processing 2 19 11 4 6111 8 13 10 25]28
time on 3 15 20 20 5 7 15 23
each 4 24 6 12 31
machine 5 23 20 7 8 5 12 32
6 20 15 11 15 8128 35
Part number - : 8 .
Operation number 1 2 3 4 5 6 7 8
Compatible tool sct 2 4 8 9 1315 6 7 18 4 6 7 8 1014 6 9 12 3 4 17 18 19 20
Mach,
‘ 1 19 32 10 31|15
Processing 2 .3 {15 25 23 29 30 11 1217 10 11 21 23
time on 3 19 20 25}28 17 24 31 113 25 29 30 17 18
each 4 ’ 26 25 27 21 32 19
machine 5 23 21 29 16 15 28| 19 o
6 <] ) ' 21 15
Part number 9
Operation number 1 2 3 4 5 6 7 8
Compatible tool set 1 5 2 7 9 1 2018 19 1 2 7 9 11 13
Mach,
1 23 20 15 35 10 24
Processing 2 24 201 |37 34 14115 30 31
time on 3 19 27 21 28
each 4 28 30 19 25129 32
machine 5 15 18]35 18 28120 30 27
6 28 30 s 30 23125 29 |26

01




TABLE A.5.1. Processing times (15 parts, 8 operations, 20 tools, 6 machines) in the loading model (continued)

Part number _ 10
Operation number 1 2 3 4 5 6 7 8
Compatible tool set 4 6 2 84 9 11 12 7 8 2 20 15 17 16 20
Mach,
1 20415 19
Processing 2 10 15 13 22 21 21 23
time on 3 14 21 27115 28 18 24125 18
each 4 31124 . 14
machine 5 17 36 24|28 24
6 28 17 19 24123
Part number ; 11
Operation number 1 2 3 4 5 6 7 8
- |Compatible too! set 1820 3 52 9 4 7 8 11 12 14 1 5 7
V Mach. ' .
1 21 20 4 40 20 15| 8
Processing 2 15} 18 33 50 48 30 18 14
time on 3 15 24141 151 35
each 4. 12 20 30 45 14
machine 5 30 19 40 29 25 19
6 29 39 401 23 19}21
Part number 12
Operation number 1 2 3 4 5 6 7 8
Compatible tool set 4 7 1 48 11 12 17 2 20 4 9 10 13 7
Mach.
1 14{ 10 14 35 45
Processing 2 21 191 8 5 -5 24125 40 |42
time on 3 28 6} 10 17 19420 29 31
each 4 3 37 4
machine 5 23 : 19 24 34129 40148
6 27] 19 8 24 50

S01




TABLE A.5.1. Processing times (15 parts, 8 operations, 20 tools, 6 machines) in the loading model (continued)

Part number 13
Operation number 1 2 3 4 5 6 7 8
Compatible tool set 2 7 8 1010 15 4 6 3 14 7 20 8 12 13 17
Mach.
1 20 19| 27 45 33 25
Processing 2 21 21{ 29 34 40|42 39|38 41 4
time on 3 25 14 38 44 29 31 32
each 4 31 37
machine 5 29 24 24 39 43|34 28|30
6 29 34 30 28
Part number 14
Operation number 1 2 3 4 5 6 7 8
Compatible tool set 1 3 5 89 10 7 13 2 5 4 8 10 14 12 18
' Mach. .
1 10 17| 19 27120 29 30 17
Processing 2 15 21 15]15 18 40 23
time on 3 30| 32 14 12 19 30
each 4. 24 {35 19 31 35
machine 5 24 27 29|18 1419 35 29|33
6 19 17 23 34
Part number 15
Operation number 1 2 3 4 5 6 7 8
Compatible tool set 4 7 2 51 3 9 11 14 17 18 20 1 4 2 7
Mach.
1 20 21(15 22 18
Processing 2 1 19 19 27 9112 25{24 29 15
timeon 3 31 35 15 17 31(37 23
cach 4 28 10 17 2
machine 5 24| 31 24118 15 30 20
6 17 22| 22 20 19 21 24

%01



TABLE A.5.2. Required Tool Slots for Each Tool Type

107

Tool type number 1 2 3 4 5 6 7 8 9 10
Required tool stots for 10 14 8 12 13 6 5 18 12 11
each tool type
Tool type number 11 2113} 141516 17 18| 19| 20
Required tool slots for 4 13 12 15 4 4 5 5 5 4
each tool type

TABLE A.5.3. Aggregate Processing Times (15 parts, 8 operations, 20 tools,

6 machines) in the Batching Level

il 1 2 3 4 5 6 7 8
1 2767 | 2756 | 2271 | 3513 | 2125 | 278 | 2029 | 2543
2 346 | 2025 | 1414 | 1133 | 2057 10 13.6 27
3 9.5 267 | 202 22 18.6 22 325 | 3283
4 245 | 3367 | 2363 | 3033 | 234 | 296 | 324 | 983
5 1875 | 9 165 | 1267 | 138 | 1722 | 2378 | 1467
6 208 | 3129 | 32 2143 | 1357 | 192 | 2040 | 1514
7 19 | 2125 | 925 6 1183 | 105 | 2533 | 315
8 22 25 21 2817 | 1283 | 2743 | 1586 19
9 25.5 185 | 3067 | 34 17 198 | 2657 29
10 13 2167 | 246 | 2267 21 2333 | 1875 | 2167
1 145 | 2367 2 41.17 46 318 | 1817 | 155
12 22 96 | 65 186 | 2267 | 312 | 376 | 4625
13 2467 | 195 | 3025 39 ar6 | 352 | 2825 | 3175
14 767 | 225 | 275 | 1817 | 254 | 1633 | 314 | 2875
15 2033 | 274 | 215 | 1483 | 1575 | 235 206 | 2483
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TABLE A.6.2.1. Costs and Processing Times for the 8-part, 4-operation, 20-tool,
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TABLE A.6.2.1. Costs and Processing Times for the 8-part, 4-operation, 20-tool,
4-machine Problem (continued)
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-TABLE A.6. 2 1. Costs and Processing Times for the 8-part, 4-operation, 20-tool,

4-machine Problem (contmued)
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TABLE A.6.2.2. Costs and Processing Times for the 15-part, 4-operation, 20-tool,

11

18

11

15
17

12
11

20

17

14
18
21

32

31

19

27

Cijtm | Pijtm

33
42

12

27
30

51

45

49

37
30

20

38

31

42

67

38

30

67

51

m

13

12
12
12
12
17
18

14

15

ol

4-machine Problem
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TABLE A.6.2.2. Costs and Processing Times for the 15-part, 4-operation, 20-tool,
4-machine Problem (continued)
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TABLE A.6.2.2. Costs and Processing Times for the 15-part, 4-operation, 20-tool,
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TABLE A.6.2.2. Costs and Processing Times for the 15-part, 4-operation, 20-tool,

4-machine Problem (continued)
i i t 'm | Cijtm | Pijtm | i § t m | Cijtm | Pijtm
13 4 4 2 55 34 14 4 7 2 17 15
13 4 4 3 60 | 38 14 4 13 4 21 19
13 4 6 2 45 | 40 15 1 4 2 17 11
13 4 6 3 0 | 4 | 15 ] 1 4 3 34 | 31
14 1 1 1 21 10 15 1 7 1 25 20
14 1 1 2 45 15 15 1 7 2 23 19
14 1 3 1 40 17 15 2 2 3 45 35
14 1 3 2 50 21 15 2 5 1 36 21
14 2 5 1 32 19 15 2 5 4 34 28
14 2 5 4 45 24 15 3 1 1 27 15
14 2 8 3 35 | 30 15 3 1 2 56 19
14 3 9 3 43 32 15 3 3 1 27 15
14 3 9 4 67 35 15 3 3 2 55 27
14 3 10 1 21 27 | 15 4 9 3 23 15
14 3 10 2 34 15 15 4 9 4 18 9
14 4 7 1 24 20 15 4 11 2 44 17
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TABLE A.6.2.3. Costs and Processing Times for the 15-part, 4-operation, 20-tool,

8-machine Problem
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TABLE A.6.23. Costs and Processing Times for the 15-part, 4-operation, 20-tool,
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TABLE A.6.2.3. Costs and Processing Times for the 15-part, 4-operation, 20-tool,
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TABLE A.6.2.3. Costs and Processing Times for the 15-part, 4-operation, 20-to0l,
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TABLE A.6.2.3. Costs and Processing Times for the 15-part, 4-operation, 20-tool,

8-machine Problem (continued)
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TABLE A.6.2.3. Costs and Processing Times for the 15-part, 4-operation, 20-tool,

8-machine Problem (continued)
i i t | m |Cijtm|Pijtm]| i ] t m | Cijém | Pijtm
15 1 7 1 | 25| 20 | 15| 3 1 6 | 51 | 22
15 | 1 7 2 | 3] 19 ] 15] 3 3 1 | 21 | 22
15 1 7 s | 36 | 24 | 15 ] 3 3 2 | 55 | 27
15 1 7 6 | | | 151 3 3 5 | 31 | 24
15 | 2 2 3 | a5 | 35 | 15 ] 4 9 3 | 23| 15
15 | 2 2 5 | 34 {31 | 151 a 9 4 | 3 | 10
15 | 2 5 1 | 36 | 21 | 15| 4 9 s | 42 | 18
15 | 2 5 4 | 34 ] 28 | 15| 4 11 2 18 | 9
5 | 2 5 6 | 3| 2| 15| a4 i1 | a4 | aa | 17
i5 | 3 1 1 {27 5] 151 a i1 ] 6 | 39 | 20
OmMm=350 Sy, =80
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TABLE A.6.2.4. Costs and VProcessing Times for the 15-part, 6-operation, 20-tool,

4-machine Problem
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TABLE A.6.2.4. Costs and Processing Times for the 15-part, 6-operation, 20-tool,
4-machine Problem (continued)

g

nl o
= | B8 7 5| 2 of v of =f @l 89 R g ool 9 ol 2 ez o e s e e g g g s 88
= , - A
m Wi wn Sl 0] o (=)} ol © A} & Al V] ® [=]

vt —y yu—t
fou J 53w32113% 2%33%%%51.%83“4333WB3“ﬁﬂ
5 _
g g oonp N o] = Q) Q= el ] = o =] ] ] o~ ] | ] ] ] o] ] = ] ] o] o
- —~l &) Bl & ¢ | K | ~ m| o] v v v v o] o = = a2 2 2] Z ow W o ol @
v 66.112222233334455556666611122222
- 445555555555,55555555555A566666666
- -t

= 1231128112l%lﬁ%2ﬁ2331%ﬁﬂlBR.ﬂ1,822
[-»
8 @l # = o b R B B-1 < B B - (] I~ B gl =2 g 3 ~ — _ S 3
o) al & W § % B B & & <+ @ @ A & o] & Q 5 f.& B & 3 B & K &
& _
g = ] Y onf = o = o] o | -] Q] ] | e ] ] ] =] o] ] n] ] ] ] ] =) o] ]
- wl w] of of vl vl Fp | o I D QS8 ] Y | w v w o o 3ol 2 ® gl o e -
o o o o] o) <+ ] ] 0] v n] n] ol 0] Y] V] ~| | = ] & en] |l v | n] ]l + 2] v Wl w] e
o ] o ;f | onp oof o mf o oof o] ] n] nl oo} <l ] ] o] ] ] | ] ] ] ] ¢l ] ] 2 o] o




123

TABLE A.6.2.4. Costs and Processing Times for the 15-part, 6-operation, 20-tool,
4-machine Problem (continued)
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TABLE A.6.2.4. Costs and Processing Times for the 15-part, 6-operation, 20-tool,
4-machine Problem (continued)
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TABLE A.6.2.4. Costs and Processing Times for the 15-part, 6-operation, 20-tool,
4-machine Problem (continued)
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TABLE A.6.2.4. Costs and Processing Times for the 15-part, 6-operation, 20-tool,

4-machine Problem (continued)
i t ‘m | Cijtm { Pijtm | i J t Cijtm | Pijtm
15 11 2 18 9 15 5 17 46 17
15 11 4 44 17 15 6 18 38 22
15 14 | 2 | 25 | 12| 15 6 20 33 | 25
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