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CHAPTER 1 

INTRODUCTION 

1.1 Process Planning 

Process planning is a "function within a manufacturing 

organization which selects the manufacturing processes and 

parameters to be used to transform a part from its initial 

form to a final form according to design specifications" 

(Chryssolouris et al., 1985, p.413). It is the bridge between 

product design and production manufacturing. 

Design engineers prepare the blueprint of the product to 

be manufactured in terms of specification, functionality, and 

reliability. Then, manufacturing engineers need to convert 

the intention of design engineers into a real product. Here, 

manufacturing engineers are constrained by the manufacturing 

resource of the shop floor and certain design restrictions. 

Thus, a production facility which can finally produce the 

desired product is needed. That is the assignment of process 

planning. 

The task of process planning involves the following 

activities: 

- Interpretation of product design data. 

- Selection of raw material (stock design) 

- Selection of machining process. 

- Selection of machine tools. 

- Selection of cutting tools. 
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- Determination of fixtures and datum surfaces. 

- Sequencing the operation. 

- Determination of cutting parameters. 

- Estimating operation time and cost. 

- Generating of process sheets. 

In the product realization process, the first and most 

important step is making a process plan. The quality of a 

product and the cost of producing it are strongly influenced 

by the process plan. 

1.2 Computer-Aided Process Planning 

In the past the majority of manufacturing systems were 

operated by human. Since such a system responds slowly and is 

able to adapt to incomplete information, an inflexible and 

slow process plan generation mechanism is acceptable. Process 

planning carried out by human expert process planner can 

satisfy the need. Today, the production method is gradually 

moving toward automation. Flexible automation has been 

especially stressed. The need for dynamic responses, fast 

plan generation, and smooth interface between design and 

manufacturing functions become essential in operating the new 

manufacturing systems. Thus, the automation of the planning 

function is critical. 

Computer-Aided Process Planning (CAPP) is an approach 

that uses computer-assisted systems to generate a process 

2 



plan. When constructed properly, such systems can satisfy the 

above mentioned needs. 

There are three basic approaches to computer-aided 

process planning: variant, semi-generative, and generative. 

1.2.1 Variant Process Planning 

In the variant process planning approach, parts are 

classified by their form, fit, and function into families. A 

unique code is generated for each family, and a standard 

process plan is developed for each family. The standard plans 

are stored in a computer, conveniently keyed under the unique 

code generated for each family. Once a specific part is 

designed and identified, a code can be generated for the part 

to show which part family it belongs to, then the standard 

process plan for that family is retrieved and modified based 

on the specific requirement of that part. 

Due to the heightened information management capability, 

this method eliminates much of the rudimentary work that a 

planner must perform. However, human process planner is still 

the decision maker. Thus, the problem of inconsistency due to 

the human element remains. Different process planners may 

create different process plans for an identical part based on 

their experiences, preferences, and prejudices. The quality 

of process plan still depends on the knowledge background of 

the process planner. 

3 



1.2.2 Semi-Generative Process Planning 

The semi-generative process planning approach can be 

viewed as advanced variant systems incorporating quasi-

generative features. After the design data and/or mechanical 

drawing of a part is interpreted by a process pla~Eer, a pre-

process plan is developed (through standard operation 

sequences, decision tables and mathematical formulas stored in 

the computer) by the systems. The pre-process plan may be in 

conflict with the specific production environment, so it has 

to be examined and modified in order to get the final process 

plan that fits the real production environment. In this 

approach, the modification is small and the consistency is 

improved compared with that of the variant approach. The 

process plan made also has higher quality. But this method 

still requires human process planners to interact with the 

computer system when generating process plans. 

1.2.3 Generative Process Planning 

The generative process planning approach marks a notable 

change in the evolution of computer-aided process planning 

systems. These systems are designed to automatically generate 
~----- ----

the process plan for a part_ by means of decision logic, 

formulae, technology algorithms, and geometry-based data 

stored in the computer. The rules of manufacturing and the 

equipment capabilities are also considered when generating 

process plans. 
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When using this approach, a specific process plan for a 

specific part can be generated without any involvement of a 

human process planner. Process plans generated in this manner 

are consistent, fully automated, and may be completely 

integrated with Computer Integrated Manufacturing (CIM) . 

1.3 Integration of Process Planning and 
Production Scheduling 

The output of process planning is the information on 

manufacturing processes, parameters of the processes, and 

identification of machines, tools and fixtures needed to 

perform the processes. On the other hand, the purpose of the 

production scheduling is to "assign production tasks to the 

factory resources (human beings or machines) with specific 

start and end times indicated" (Chryssolouris et al., 1985, 

p.413). Production scheduling requires the output of process 

planning as its input. 

Since process planning function is a technological 

decision maker about the process, machine tools, and operation 

sequence, etc., it imposes tight constraints on the scheduling 

function. Scheduling fun~~ion is the final decision maker, 

Usually process planning and production scheduling are 

performed separately. There are a lot of inconsistencies in 

decision making between the two functions. Thus, many 

problems arise within the manufacturing system. 

5 



1. Process planners assume unlimited resources on the 

shop floor and assume an idle factory. They plan for the most ------~- -·----
advantageous alternate processes, and desirable machines are 

repeatedly selected. Scheduling follows the process planning 

stage. Thus, when the process is going to be carried out, 

some constraints (such as, limited resource, non-availability 

of machines, time schedule violations, etc.) will be 

encountered, making the generated "optimal" process plan 

become infeasible or less desirable in a scheduling 

engineer's view . 
.....::::=:;-

2. Often process planning and scheduling have conflicting 

\ ~bje~tives. Process plannin~- emphasize 

·--. ----., 
the technological 

requirements of a task, while scheduling considers more the 

timing aspect of it. This might cause the inconsistency of 

the decisions made. 

3. In most cases, single criterion optimization is 
----- ~- .. -~------·- --- -----· 

considered for both process planning and scheduling. However, 
' ~---~··M--~· ..--.. --.. - ... - .. -_.,.._---... ·-· - .......... 

in re~~J?:_~duct~~-9~- e_~vir~ents, mor~_an one criterion needs 

to be considered simultaneously and their relative importance --- --- . - --- ----~ 

in decision-making changes dynamically due to dynamic shop -
floor conditions. --- ·~-· 

4. Even though the shop floor condition is considered 

during planning, the time delay __ between the plann~ng phase 
~ ------
and the plan execution phase will cause trouble. Due to the 

dynamic nature of a production environment, it is very likely 

that by the time a part is ready to be manufactured the 
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constraints that were used in generating the plan have already 

changed greatly, and thus the plan has become sub-optimal or 

even totally invalid. 

S. Due to the complexity of the real production 

environment, neither the process plans, nor the planned 

schedules are truly followed at the shop floor. Without this 

feedback from the shop floor, it becomes difficult to measure 

the quality or goodness of a plan for future enhancement. 

Integration of process planning and production scheduling 

is essential in order to eliminate the problems mentioned 

above and achieve manufacturing optimization. Currently three 

research approaches are addressed in this field: (1) NonLinear 

Process Planning (NLPP), (2) Closed-Loop Process Planning 

(CLPP), and (3) Distributed Process Planning (DPP). Each 

approach attempts to delay generation of the ultimate process 

plan until the latest possible moment on the production floor. 

1.3.1 NonLinear Process Planning 

NLPP prepares all the possible plans for the par!_before 
_ .... - .. '""""'-·--· , .............. ...__,....._ -- -

it enters into shop f~_C>9E_· When the part is going to be 

manufactured, the most suitable plan is selected and scheduled 

according to the actual status of shop floor. 

This method can minimize the constraints introduced by 

the traditional process planning and leave the specific 

selection of operation route open as long as possible. But a 

large number of infeasible plans are created along with 
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feasible plans. As the complexity~~ the part or the number -
of the parts increas;_ed, the prepared plans tend to increase 

exponentially, which could cause a storage problem and make 

decision making more time consuming. 

1.3.2 Closed-Loop Process Planning 

In CLPP approach, process plans are created only upon 

feedback. The process planning mechanism will create process 

plans based on what production scheduling tells it, while - --- -- ,._. _____ ... - ---
production control provides the information of real time shop 

floor status to production scheduling. Therefore, every plan 

made is a feasible plan with respect to the current 

availability of production facilities. 

Real time status is critical for CLPP. The systems must 

keep tracking the parts being produced. It is, therefore, 

time consuming, especially when producing large number of 

different parts. 

1.3.3 Distributed Process Planning 

DPP allows creation of process and production plans 

simultaneously. It divides ---- the proc~ plann~~<;J~ and 

production scheduling ta~ks ----~?_i:._s> __ two _ phas~s, - -------------··- - -- namely: pre-

planning and final planning. Pr~~planning is a phase where 
- -------·--· - -- ---~ --- --

the job requirements are analyzed. The final planning pP,ase 

matches the required job operatio~s with the operation 

capabilities of the available~produ~~n resources. 
<..-- --------- ------·- ----~ ----·--
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The most important step in DPP is to first understand the 

capabilities of machine tools. For every machine tool, 

operations are listed in descending order of desirability. 

Meanwhile, pre-planning is performed, in which design features 

~e recognized, and required processes are identified. The 

next step is to match the machine capability and the part 
- --

requirements. This is called "operation m~,:t.ching." A list 
-·- --

of available machines and their capabilities are matched with 

th~_?esirable operati~s on the part. 
-~ ~ 

the machine tool and the job are seiz~d. 
!'t'!c42> QZ' 

If a match is found, 

Operation time can 

be computed for this match, giving the finish time of the 

machine and the job. This allows the scheduler to predict 

when the job and machine will be ready to be assigned again. 

DPP is a rational method for machine tool and process 

selection. Real time information can be considered while 

making a process plan. Available resources are constantly 

updated, thereby resulting in feasible solutions. 

1.4 Literature Survey 

Many papers have been reviewed pertaining to the topic of 

process planning and scheduling. It was found that not much 

work has been done in this area. There are more questions 

than solutions appear in the papers discussing the integration 

of process planning and scheduling. 

Chryssolouris and Chan ( 1985) addressed the issue of 

assigning production resources as a multiple criteria decision 
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making problem and suggested a decision-making technique for 

the manufacturing environment. An example of this approach 

can be found in (Chryssolouris et al., 1984}. Their approach 

addresses the issue of integration, but fails to consider the 

flexibility of process planning. 

Knoshnevis and Chen (1989} developed a heuristic 

algorithm to deal with the integration problem. A dynamic 

list of available machine and a list of parts to be 

manufactured are maintained. When a match is found between 

the two lists, the part will be assigned to that machine. 

This approach considers the dynamic status of shop floor, but 

does not propose a scheme for feature representation. Their 

process plan for a part is not clearly represented. 

Tonshoff et al. (1989} proposed a model called FLEXPLAN 

to integrate process planning and scheduling. In the model, 

authors use a nonlinear process planning method to create 

process plans. Process plans are presented using petri nets. 

FLEXPLAN fails to consider the process plans in form of 

setups, and the problem of flexibility is not solved. 

Furthermore, nonlinear process planning is not a desirable 
---- -- -----·--·~·~·-·-~·- -----------

approach to integration, because it is time consurn1ng. 
- .. ~. ---- --------·-• ---·-··no> --··-··--··-···--·•---••O' 0 0 

When discussing integrated process planning, it is 

important to understand the true meaning and implications of 

the term "integration." Currently, there exists some 

confusion between integration and interfacing. One difference 

between interfacing and integration is that interfacing can be 

10 



achieved at the ----- integration must be 
. --- _ ... ~----result level while 

addressed at the task level. In other words, it would be too 
-~---- .... _ 

late to integrate a task when its sub-results (such as 

decisions for process and operation planning) are already 
--... ___... --

decided separately. To achieve truly integrated process 

planning and scheduling, the integration between them should 

be addressed at a much earlier stage rather than that of our 

current focus. If process planning and scheduling can be 

integrated at the task level, their differences will diminish 

gradually as we approach the result stage and their results 

will be naturally integrated. 

1.5 Objectives of the Research 

The objectives of the research work are as following. 

1. To find a method that can truly integrate process 

planning and production scheduling rather than interfacing 

them. 

2. To realize the communication between process planning 

function and scheduling function. 

3. To consider both the objectives of process planning 

and production scheduling simultaneously and obtain the best 

process plan. 

4. To generate process plan which reflects the real-time 

shop floor conditions and responds to the dynamic nature of 

the manufacturing system. 
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5. To improve productivity of the manufacturing system by 

improving machine utilization and reducing manufacturing lead 

time. 

6. To 1.mprove integration potential with various 

automated functions within manufacturing system, thereby 

moving closer to a completely CIM (Computer Integrated 

Manufacturing) . 

7. To improve manufacturing information management, so 

that all the manufacturing functions will be able to access 

the information they need. 

12 



CHAPTER 2 

INTEGRATED PROCESS PLANNING MODEL 

In this thesis, a decision-making module is built to 

integrate process planning and scheduling. Before discussing 

the decision making module, it is necessary to introduce an 

Integrated Process Planning Model (IPPM) currently being 

developed in the Department of Industrial Engineering, Texas 

Tech University. IPPM mainly concerns the integration of 

process planning and production scheduling, the interface 

between process planning and CAD, and the manufacturing 

information flow is also considered. 

In this model, process plans are made in two stages: pre-

process planning and final process planning. In the pre_:_ 

process planning stage, the job requirements of a part are 
------- --

analyzed. The relationships between planning goals, processes 

to achieve these goals, and resources required by the 

processes are determined. In the final process planning 

stage,~he most suitable process plan is selected according to -
the real-time shop floor status, and scheduling is perfo~~~ 

at the same time. 

The model has three modules, process planning module, 

production scheduling module, and decision making module. 

Figure 2.1 shows the structure of the model. 
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Figure 2.1. Integrated process planning model. 
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2.1 Process Planning Module 

The process planning module is a knowledge based system 

which has all the knowledge needed to make process plans. It 
~---- ----··-- ---.. ---- -- -·-·- ·--- -

has the following functions. 

1. Interpretation of the design data. The interpretation 

is mainly feature based. The design data from CAD is examined 

and analyzed by means of feature reasoning. 

2. Stock design. Usually the properties of raw materials 

are specified by design engineers. However, the geometrical 

shapes of raw materials, namely stocks, are specified by 

process planners. The stock design is usually based on final 

geometrical shape of part, raw material storage, and 

production types. 

3. Selection of machining process. The selection of 

machining processes solely depends on the technological 

consideration. The machining process, such as, grinding, 

milling, turning, drilling, etc., is selected based on the 

feature character. 

4. Selection of machine tools. In most of the current 

practices, the most desirable machine is selected based on the 

machining process without considering the available resource 

and real-time status in shop floor. In this module, the 

selection of machine tools is based on the available resource 

and machining process requirement. A list of ~ R-O~_:?ible 

machines in the shop floor that __ ~an be used to perform the 

~ -- -
machining process is provided. A specific machine tool can be 
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selected using information provided by the decision-making 

module . .... 

5. Selection of cutting tools. Variables associated with 

a cutting tool include tool type, tool geometry, tool 

material, tool dimension, and/or tool assembly (insert, 

holder, etc. ) . Tool typ~~-~- determined by ~ m~~hining 

process . 
.-----~-· ~--

The rest of decision has to be made based on the 

work-piece material, its hardness, feature dimension, and 

feature approach clearance. 

6. Determination of fixtures and datum surfaces. The 

determination of fixtures and datum surfaces will ensure a 

firm holding of the work-piec~_~nd a minimum number of re-

fixturing. -·· 
7. Sequencing the operation. Sequencing of operation in 

the part level (which involves the changing of machine tool) 

~s done in the decision-making module instead of process 

planning module. What the process planning module will do is 

sequencing the operation in the setup level (which involves 

the changing of cutting tool) . 

8. Determination of cutting parameters. Once a feature 

is to be manufactured in a machine, the appropriate cutting 

parameters, such as, depth of cut, feed, and speed rate~.need 
~ ··- -·- -·· ... 

to be determined. The determination will based on Taylor's 

tool life equation, machining cost models, etc. 

9. Estimating operation time and cost. The estimated 

operation time for the features can be calculated based on 
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some shop floor data, by means of statistical regression. 

Once a specific setup is determined to be manufactured in a 

specific machine, the precise operation time and cost can be 

calculated. This information can be used for scheduling 

function. 

10. Generating the process sheets. The generating of 

process sheets is the final step of process planning. The 

result of process plan is printed in a human-readable report. 

The report includes part name, part number, material code, 

machine tool, planning data, and so on. The contents include 

surface identification, dimensions, processes, tool diameter, 

feed, speed, and machining time. The report is an instruction 

of how to manufacture the part. 

The structure of the process planning module is shown in 

Figure 2.2. 

2.1.1 Design Interface 

As mentioned before, process planning must be based on 

product design. It is very important for a process planner to 

fully understand the information provided by product design. 

To understand the product design data, a design interface is 

needed. In this section, some critical issues in design 

interface are briefly discussed. 

17 
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Figure 2.2.Process planning module. 
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2.1.1.1 Engineering Design 

Engineering design is the logical step prior to 

manufacturing process planning. An engineering design can be 

represented in several different ways. The traditional way is 

engineering drawing. In today's modern manufacturing 

industry, several types of engineering drawings are 

acceptable. However, the standard is ~~lti-vie~dr~~ing. A 

multi-view drawing usually contains two or three views (~ont, 

top, and side) Each view is an orthographic projection of -- ... ._..._..._.. ... --
one plane. 

When drafting a symmetrical object, two views are 

sufficient to represent the object (typically, one view is 

omitted) . Sometimes a partial view is used to substitute for 

one of the two views. Sectional and auxiliary views are also 

commonly used to present part detail. 

A drawing is expected to convey a complete description of 

every detail of a part, as part dimensioning and tolerancing 

must be indicated. There are two methods of part tolerancing, --
conventional tolerancing and geometric tolerancing. 

Con~~-ntional --~~-~:_rancing .~s the ~t~o~<_!-_? show _the acceptable 

variation in a dimension. Geometric tole~~ci!lg is th~ met3od 

to specify the tolerance of g~ome!:.!i:.c_characteristics, such 

as, flatness, roundness, concentricity, -~nd so forth. 
·------~----·----~··~--------- ·---···· ~-

There are several methods available to represent an 

engineering drawing. The conventional method is drafting on 

paper with pen or pencil. Manual drafting is tedious and 
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require a tremendous amount of patience and time. Recently, 

computer-aided drafting systems have been implemented to 

improve drafting efficiency. 

Computer-Aided Design (CAD) can be defined as using 

computers to aid the engineering design process by means of 

effectively creating, modifying, or documenting the part 

geometrical modeling. CAD is most commonly associated with 

the use of an interactive computer graphics system. The 

object of the engineering design is stored and represented in 

form of geometric models. Geometric modeling is concerned 

with the use of a CAD system to develop a mathematical 
···~·------ ---·- .... - --· 

description of the geometry of an object. The mathematical 

description is called a model. There are three types of _ _____,_-....... - ------ ---~----- ··-·-~---·--

models: wire-frame models, surface models, and solid models, 

that are in common use to represent a physical object. Wire-

frame models, also called edge-vertex or stick-figure models, 

are the simplest method of modeling and are most commonly used 

to define computer models of parts. Surface models may be 

constructed using a large variety of surface features. Solid 

models are recorded in the comput~r _IIl.athem_~!-~~ally as volumes 

bounded by surfaces rather than as stick-figure structures. 
-- ..-- • -- w__. -- _........_.._._ .. ......- • 

...____ --

it is possible to calculate mass properties of 
------ -- ----- ------ ---- ···---------------·--~---------·- .. ·----~------------------- ---·- ~-- ·-

As a result, 

the parts, which is often requi.~ for engineering an_a~ysis 
- -- -------·-
such as finite element methods, kinematic or dynamic studies, - ----- -- ~- ... _ _._ ... --.'-

and mass or heat transfer for interference checking. 
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Models in CAD can be classified as being a two-

dimensional (2-D) model, two-and-half-dimensional (2-1/2-D) 

model, or three-dimensional (3-D) model. A 2-D model 

represents a flat part and a 3-D model provides representation 

of a generalized part shape. A 2~1/2-D model can be used to_ -·--
represent a part of constant section with no side-wall 

..--- ---· 
details. The major advantage of a 2-1/2-D model is that it 

gives a certain amount of 3-D information about a part without 

the need to create the database of a full 3-D model. 

2.1.1.2 Approaches for Design Interface 

The first step in process planning is to understand the 

engineering design. A process planner usually first 

identifies the shape of the part by reconstructing the 

contours of the three projected views. After the overall 

shape of a part is found, manufacturing features, datum 

surfaces, and additional manufacturing information are 

recognized and extracted from the drawing. The task of 

transforming a design drawing into ma~ufact~ring information 
--------- ···----------~---- ----·-" 

is called design interface. ------- ....... ---~ ··-· . . --------
Design interfacing is probably the most ~portant and 

most difficult task in proce_s~ planning. _-~~_using_ a human --
operator to translate the ... ?esign data into manufacturing 

c..----· .. -~ ---- --

information, the final process plan is greatly influenced by 

the decisions of the human operator. Therefore, an automated 
-<_ 

interface seems to be desirable. 
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There are two major :t~s~~ included in the design/process 

planning interface: model decomposition and f~~ture -----
recognition. The decomposition task separates the features 

from a part model, while the recognition task classifies and 

identifies the semantics of the feature. The automated 

interface problem is a problem of recognizing manufacturing 

features from a design. 

There are several approaches used in design interface. 

Up to now, none of the methods developed is perfect and all 

are far from ready to be used in commercial systems. A great 

deal of research work is still needed in order to complete the 

work. Several of the exiting approaches will be introduced 

briefly. 

Syntactic Pattern Recognition Approach (Kyprianou, 1980) . 

In syntactic pattern recognition approach, a picture is 

represented by some semantic primitives, which are written in -----------
a picture language. A set of grammars consisting of some ¥---- .. _ 
rewrite rules define a particular pattern. A parser is then 

used to apply the grammar to the picture. If syntax of the 

picture language agrees with the grammar, then the picture can 

be classified as belonging to the particular pattern class. 

State Transition Diagram and Automata (Iwata et al. , 

1980). In this approach, the part geometry is described by 
~----~ -·-~ --- ---------- ----- ·-- . -·- ----

sweeping operations, and/or the union of the sweeping volumes. 

The generating surface is described by ordered pattern 

primitives together with technological information and 

22 



approach directions. The machining feature on the generating 

surface ~s recognized using a state transition diagram. 

Instead of using grammars and primitives, the relationships of 

adjacent pattern primitives are used. Convex adjacency is 

assigned a value of "0" and concave adjacency is assigned a 

value of "1." 

Decomposition Approach (Grayer, 1976}. The decomposition 

approach partitions a design model into severa.l .. smaller --- --
volumes. To be usable, the decomposed smaller volumes need to 

be manufacturing or design features in order that they can be 

used for process planning. A recognition step is needed after 

the decomposition step to find the semantics of the features. 

Expert system/Logic Approach (Henderson and Anderson, 

1984}. When boundary representation is used as the design 

representation, the topological structure of features can be 

defined by logic rules for feature recognition and extraction. 

A production rule defining a feature can be written as IF 

(conditions} THEN (action}, that is to say, if all of the ---conditions are satisfied, the action is taken. Feature rules 

can be written to define each feature. A rule includes both 

the topological and geometrical information. 
~-.. .-... ~ ,.£L.-~ 

Graph-Based Approach (Joshi and Chang, 1988}. In this 

approach, the boundary representation of the part is 

transformed into an Attributed Adjacency Graph (AAG} (when 

represented inside a computer, a graph can be represented by 

a triangular matrix} . An AAG is a graph with attributes 
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assigned to each of the arcs. An AAG can be defined as G = 

(N, A, T) where N is the set of nodes, A is the set of arcs, 

and T is the set of attributes assigned to arcs in A. Each 

face on the part is represented as a node in an AAG. The 

adjacency of the two faces is shown as an arc. Wherever two 

adjacent faces form a convex angle, the arc is labeled 1. 

Concave adjacency is labeled 0. Figure 2.3 shows an example 

of AAG. Part features can also be represented using AAG. The 

recognition problem is then a graph isomorphism problem. 

2.1.1.3 Advanced design interface 

Engin_e_er~ng design has 
. -·~~~- _ _. __ ···-·-- ----- -·-·· ..................... ___ ,,_._..._.~ .. ~- '-·---~~.__..__ evolved from traditional 

engineering drawing to Computer-Aided Design, ------- - - ~ _..... ........ ., ., .... - .. ·- -----~-.. ~ ....... 
and from 

wireframe drawing to solid modeling. Solid modeling systems 

can be used to represent an object being designed accurately 

and unambiguously. Recently, solid modeling systems have 

being used to generate finite element meshes and to generate 

tool paths for machining. However, solid models only help to 
-- . - - . -- . -· 

provide more complete geometris:_informati.on, they still cannot 
----.------- ------- ----- ----

provide information about the decision-making .. .process that led 

to a product design. 

It will be valuable if from the design data of a product, 

one can interpret all the information about the product, 

including its function, its design, the reasons for its design 

features, and the manufacturing processes that are used to 

make it. Ideally, the data should also describe how the 
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Figure 2.3.Attributed Adjacency Graph (AAG) (Joshi et al., 

1989). 
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product is to be used or operated, how it is to be maintained 

and repaired, and how it is to be properly deactivated or 

disposed of. The data is not merely design data. It better be 

referred as product data. 

PDES, which stands for "Product Data Exchange using 

E_TEP," refers to the U.S. activities ~n support of the 

development of an international standard for product data 

sharing informally called STEP, the "Standard for the Exchange 
" ---- - - ---... --

of Product Model Data." PDES will help establish a standard - --- --.. --------- ···--~-- ---
digital representation for product data. As the PDES and STEP 

----~-----

efforts share common goals, they are sometimes referred to -- -··-·----.... ---··· ---
jo~tly as _"PDES/STEP," or simply just "STEP." 

As a standard method for digital product definition, STEP 

will support communications among heterogeneous computer 

environments. STEP will make it easier to integrate systems _____ ,_,_ 
that perform various product life cycle functions, such as 

- -- .-v .... _._ .. 

design, manufacturing and logistics support. Automatic 
'-- --- --

paperless updates of product documentation will also be 

possible. The principal technique for integrating these 

systems and exchanging data will be the shared database. 

There are four major challenges in the development of 

STEP: 

1. STEP is a standard for information, not just data. 

2. The development of STEP must include the development 

of an "architecture" or a framework for the exchange of 
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information, not just a means or format for storing 

information. 

3. The scope and complexity of STEP is far beyond any 

previous standards effort. 

4. The technology to support STEP must be developed at 

the same time the standard is evolving. 

The consensus approach to meeting the above challenges is 

to start with conceptual information models (Mitchell et al., 

1990) . STEP will consist of a set of clearly and formally 

defined conceptual models and a physical exchange protocol 

based on these models. The conceptual models will be combined 

into a single model with a standard interface to a shared 

database (Mclay and Morris, 1990). 

PDES/STEP is currently being developed by a number of 

organizations both nationally and internationally. These 

organizations include: 

IGES/PDES Organization, 

ISO TC184/SC4, 

ANSI US Technical Advisory Group, 

PDES, Inc., and 

NIST National PDES Test-bed. 

Since PDES/STEP is a standard for product data exchange, 
............ -..-""' 

it can be considered as a future candidate for design - ---~------ ··---
interfacing. _ .. _____ 

Since the main focus of this thesis is integration of 

process planning and production scheduling, we assume that no 
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matter which approach is used, the process planning module can 

fully understand the design data provided by CAD model. 

2.1.2 Scheduling Interface 

As mentioned before, production scheduling function needs 

the output of process planning function as its input. A lot 

of problems evolved when the production scheduling and process 

planning functions perform their tasks separately. Process 

planning and scheduling need to be integrated at the task 

level in order to achieve true integration. Thus, process 

planning cannot be made without the interaction of the 

production scheduling function. A communication between the 

planning function and production scheduling function is 

needed. Since process planning and production schedu!_ing have 
.---- - . -- -- __ .. _ ._ ... _ . ..:--~· 

different functions and their concern of information is 
-~-----,_ 

different, transformation of infor~ation is neeq~d . 
............... ~' --

The production scheduling function needs the sequencing 

requirements of processes, trade-offs between alternative 

approaches, resource commitments, costs, and operation times. 

This information must be given by the process planning 

function. That is the focus of scheduling interface. 

Little research has been done on the scheduling interface 

problem. However, the transfer of information between systems 

in the manufacturing environment has been studied. Current 

research at the Automated Manufacturing Research Facility 

(AMRF) of the National Institute of Standards and Technology 

28 



(NIST) is addressing integration issues for streamlined data 

integration to support flexible discrete manufacturing. Among 

the schemes under development within the AMRF, ALPS (A 

Language for Process Specification) is used as an interface 

between process planning and production control. 

ALPS is a kind of process specification language. A 

process specification language should communicate the 

processing information but not restrict downstream decision-

making. Process plans should allow the decoupling of various 

subtasks involved in manufacturing data preparation and 

production, e.g., specification of the task is decoupled from 

the scheduling policies applied, and resource management is 

decoupled from manufacturing control. Furthermore, each step 

in the preparation of manufacturing data (e.g., design, 

planning, production) must be decoupled from other steps. 

For full specification of processing, a process 

specification language must address the following aspects: 

1. Processing precedence. Determine the sequence of 
- -. ----·---· ----

tasks. This is the basic capability of every process 

specification language. 

2. Alternative sequences. Express different task 

sequences which provide the ~s~~- result. It also provides a 

means for a scheduler to determine which sequence is currently 
'-------··- . ·---------
optimal. The decision should be deferred until scheduling or -- --------

manufacturing time. 
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3. Parallel actions. Explicitly show how multiple task -
sequences within a plan can be performed at the same time. It - -- ----- ---· -~---- ---- - ....... ....-- . 

is assumed that separate plans can be executed in parallel as 

separate jobs. 

4. Synchronization. Provide for synchronization between 

multiple parallel task sequences in a plan (as in 3) and 

between multiple plans. 

5. Resource monitoring. Provide means for collecting and 

updating statistics for resource availability and utilization 

to support scheduling and resource allocation. 

6. Post processing. Provide a processing log to detail 

actual processing sequences used ~n manufacturing a part. A 

process specification language should have some means of 

capturing actual processing data to allow error tracing and to 

monitor performance. This aspect is critical for 

traceability, quality control, and feedback control. 

7. Extensibility. Support extensibility by not 

constraining the user to a fixed functionality. Users must be 

able to customize process plans to support their facility. 

The primary purpose of a process specification language 

is to specify temporal relationships between process tasks. ----- --------.. ·--- . - .. ··-·--· --.--~----...m"-'1 _"' ... --. .,_..,._... ·-- - -- -
The ALPS language is based upon a directed graph notation to 

indicate the temporal relationship between nodes. The 

directed graphs in Figure 2.4 shows that node A precedes node 

B in the graph, and indicates that task A must complete prior 

to beginning task B. Many efforts ~n production control 
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systems and simulation systems use directed graphs as their 

basis because they provide the required attributes of 

expression: simplicity, clarity, basicprecedence, alternative 

sequences, parallelism, and abstraction. 

Several benefits are obtained by using the directed graph 

notation: (1) the process plan is easily displayed for 

graphical editors and status-tracing tools; (2) parallel 

processing is explicitly shown; and (3) graphs are easily 

traversed by computer controllers. Sequencing processing task 

consists of connecting nodes in order. Parallel and 

alternative sequences are shown by nodes which have multiple 

successors. An example of a directed graph representation is 

shown in Figure 2.5. 

The ALPS specification is built around a directed graph 

structure and is used to define the processing sequencing and 

specifications. There are seven major classes of graph nodes: 

termination, task, split, join, synchronization, resource, and 

information. The general structure of the nodes includes the 

following system defined attributes: (1) node identifier, a 

required unique (for this plan) number to identify the node; 

(2) node name, an optional attribute for a node commentary 

string: (3) node type, required attribute specifying the node 

class; (4) previous nodes (if applicable), required attribute 

containing the predecessor nodes in the graph; and (5) next 

nodes (if applicable), required attribute containing the 
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Figure 2.4.A simple directed graph (Catron and Ray, 1991) . 

Figure 2. 5. Directed graph notation used for process planning 
specification (Catron and Ray, 1991). 
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successor nodes in the graph. Most nodes have other 

attributes specific to the class. 

A powerful method of supporting the ALPS language when 

constructing process plans is to use a database. The act of 

defining and attributing nodes of different classes consists 

of simply populating this database. The database itself can 

assure the adherence to consistency constraints such as 

precedence rules between nodes, ensuring correct data types 

for attributes, and referential uniqueness. Object-oriented 

databases make this type of function particularly easy. 

ALPS is still under development. Some of its ideas are 

used in this thesis. This detail will be discussed later in 

Chapter 3. 

2.2 Production Scheduling Module 

In a manufacturing environment, production schedule 

provides the basis for making customer deli very promises, 

utilizing plant capacity effectively, attaining the firm's 

strategic objectives as reflected in the production plan, and 

resolving trade-off between manufacturing and marketing It is 

commonly mentioned as Master Production Scheduling. In this 

thesis, the production scheduling module focuses on the job 

shop level, and thus is different from Master Production 

Scheduling. 

The production scheduling module is responsible for 

allocating resources in the form of labor, tooling, and __....---- -····--·- --·~· 
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equipment to the various orders on the shop floor. It is also 
--·~·· -~ -·"""'· -- . ___ _,_._ ------- ~-

responsible for the overall management of the flow of 

production orders and of their attendant information flows at 

the shop floor level. 

The production scheduling module has the following 

functions: 

1. Planning the capacity at each work center and helping 

to allocate the machines and manpower required to meet the 

master production schedule. 

2. Controlling the level of work-in-process by regulating 

the rate at which orders are released to the shop floor. 

3. Helping to reduce manufacturing lead times by reducing 

the time a job must wait for a machine. 

4. Planning and minimizing queue lengths to ensure that 

machines and men will not run out of work. 

5. Determining how much work can be trans fer red to 

alternate work centers in an effort to reduce overloads or 

fill idle capacity. 

6. Analyzing remaining overloads and underloads to 

determine which orders can be subcontracted without causing 

idle time in other work centers. 

7. Assisting in making short-term capacity adjustments by 

planning overtime, adding temporary extra shifts, or releasing 

subcontracted work. 

8. Leveling the planned load on each machine center {in 

certain instances), thus reducing idle time, overtime, 
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subcontracting, and the amount of manpower movement between 

work centers. 

9. Determining which orders should be released early to 

prevent idle time. 

10. Accurately estimating the completion time for every 

shop order and customer order. 

11. Planning the sequence of operations to be done at 

each work center and providing a work sequence for the 

foreman. 

The production scheduling module (shown in Figure 2.6) 

governs five major groups of activities: 

1. Order review/release; 

2. Detail scheduling; 

3. Data collection/monitoring; 

4. Control/Feedback, and 

5. Order disposition. 

These five groups encompass the entire process of 

transforming a planned order into a complete order. 

-----~-----

2.2.1 Order Review/Release 

Order review/release is the first maJor activity of 

production scheduling. This activity is responsible for 

managing the movement of an order from the planning system to 

the shop floor. Once the order has been released to the shop 
-------· ---

floor, it can be properly regarded as a work authorization. 
,__.,- ---"------ -~-----

It authorizes shop floor personnel to allocate shop floor 
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Figure 2.6. Production scheduling module (Melnyk et al., 1985). 
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resources (personnel, material, tooling, and machine capacity) 

against the order. It also forms the basic document for 

control. 

Order review/release consists of the following four 

activities. 

2.2.1.1 Order Documentation 

An order ~s simply a planning system authorization for 

the shop floor to begin production. The amount of information 

needed by the planning system in creating and releasing an 

order is far less than the amount needed by the shop floor but 

not provided by the planning system when an order is released. 

The order documentation activities provide information not 

given by the planning system but needed by the shop floor. 

Typically, the information, such as order identification, 

routings, time standards, material requirements, and tooling 

requirements, is added to an order. The information required 

by order documentation can be taken from a set of files that 

are either centrally located (in the form of a common data 

base) or dispersed in the various departments of the firm. 

2.2.1.2 Material Checking 

Another major order review/release activity is checking 

the inventory status of the components and raw materials 

required by the shop order to ensure that they will be 

available in sufficient quantity at the necessary time and 
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place. As a rule, shop orders should never be released to the 

floor in the face of insufficient component inventory. By 

ensuring that orders released to the shop floor will have the 

necessary components, scheduling keeps work-in-process 

inventory low and avoids needlessly tying up shop floor 

capacity. Material availability does not need to be checked 

before releasing the order if the formal material planning 

system is working effectively and shop floor personnel have 

confidence that this system can deliver the necessary parts. 

2.2.1.3 Capacity Evaluation 

Inventory availability, while important, is not enough. 

There must be adequate capacity available for the order. In 

the capacity evaluation stage of order review/release, the 

capacity required by the shop order is compared with the 

capacity available in the system. At this stage, a judgment 

must be made as to whether the available capacity is adequate. 

If not, the release of the order may be delayed until the 

necessary capacity becomes available. Evaluating and 

controlling capacity loading on the shop floor avoid shop 

overloading and the resulting increasing queues and 

lengthening lead times. 
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2.2.1.4 Load Leveling 

The final activity assigned to order review/release is 

load leveling. In many production scheduling systems, the 

orders that are recommended for release by the planning system --- -·-- --~--- ·- ---~ -- --~·~ .,,_.. .. ~_. ___ ,.._ -- -·~ --

are not always released immediately. Instead, they are often 
--.---- ---~.._ ~-..-• ..-il'---"'1--1>-... - - . - ..,.__ .,....,.~ ...,..,._.__ 

accumulated (backlogged) ---"" . ...._..) 

for a short per2;.o<:!_. of time ,...._....--, .. and 

released to the floor at a controlled rate in order to level 
__ ,_.,. ----.....- -... .. .... kl1 • 

the resulting shop load. The objective of this load leveling 
------ • _ __...._,_..., •••• ,~ .... , .... -.:1>\"'ll''t:"' 

activity is to level capacity utilization by smoothing out the 

peaks and valleys of the load on work centers. 
.. _.___..-• --- The pool of 

backlogged orders effectively decouple the planning system 

from the shop floor. 

2.2.2 Detailed Scheduling 

One of the most visible activities associated with any 

production scheduling system involves the determination and 

assignment of operation priorities to orders that await 

processing. These activities are part of the second major 

activity of production scheduling - detailed scheduling. 

Detailed scheduling describes the process by which 

personnel from the production scheduling system manage the 

detailed allocation of the major shop floor resources (labor, 

machines, tooling, and material). These resources must be 

used not only to complete the shop orders currently on the 

floor but also to conduct the "nonproductive" activities 
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necessary to ensure the continued availability of these 

resources (e.g., scheduled preventive maintenance) 

When matching shop floor resources with the demands 

placed on them, the assignment decisions must be very 

detailed. These decisions should address the following 

concerns: 

1. Types of resources. The assignment should identify 

the specific types of resources to be used. 

2. Quantities of resources. The assignment should 

identify the amounts of the resources to be used (e.g., the 

amount of labor to be assigned to a specific order may be 

identified in terms of the standard labor-hours) . 

3. Timing of assignment. The assignment should identify 

in clear terms the time at which the resources are to be 

assigned, the time over which the assigned resources are to be 

used, and the expected time at which the resources are to 

become available for reassignment. 

4. Placement of resources. If the resources to be 

assigned can be obtained from more than one location, the 

assignment should identify the specific locations from which 

the necessary resources are to be obtained. 

5. Priority of processing. Finally, the assignment 

should identify the sequence in which the competing demands 

are to be permitted access to the resources. These priorities 

are often identified by means of a dispatching rule. 
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Detailed scheduling embodies three major activities: (1) 

order sequencing/dispatching, (2) scheduled maintenance, and 

(3) other assignments. 

2.2.2.1 Order Sequencing/Dispatching 

Order sequencing/dispatching deals with the most visible 

of the detailed scheduling activities - the assignment of 

resources to the various competing orders. It can be defined 

as "the process of determining by means of a pre-specified set 
of decision-rules the sequence in which a facility is to 
process a number of different shop orders. When processing 
these orders, order sequencing/dispatching is also responsible 
for the corresponding assignment of workers, tooling, and 
material to the selected jobs. The sequencing of resource 
assignment is consistent with a predetermined set of goals 
that the [production scheduling] system attempts to satisfy 
(i.e., meeting order due dates, reducing maximum lateness of 
orders, etc.)" (Melnyk et al., 1985, p.298). 

In many production systems, operation priori ties are 

determined by means of a decision rule that is commonly 

referred to as a "dispatching rule" or a "priority rule." The 

resulting priorities are communicated to people on the shop 

floor by means of the "dispatch list." This list, which is 

usually produced daily, displays all of the shop orders 

waiting in queue at a given work center in a priority sequence 

derived from the dispatching rule being used. The dispatch 

list is a major input into the order sequencing/dispatching 

process. 
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2.2.2.2 Scheduled Maintenance 

Scheduled maintenance, the second activity of the 

detailed scheduling phase, involves the assignment of 

resources to preventive maintenance. Preventive maintenance 

can be defined as maintenance work to be repeated at 

intervals. Lubrication, inspection, and periodic overhauls of 

machinery are examples of scheduled maintenance. 

All production scheduling systems need scheduled 

maintenance because the resources used are subject to the wear 

and tear that day-to-day operations place on them. Machines 

break down periodically, and when they do, the production 

capabilities that they offer are temporarily lost. One rule 

with which most shop floor personnel are familiar is that 

machines always break down when they are needed most. 

The longer resources are operated without scheduled 

maintenance, the greater is their chance of experiencing a 

breakdown. The intent of scheduled maintenance is to reduce 

the risk of machine breakdowns. Scheduled maintenance is 

considered part of the detailed scheduling phase because 

preventive maintenance activities often compete with shop 

orders for access to machines. 
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2.2.2.3 Other Assignments 

Shop resources can be assigned to other activities such 

as scheduled downtime or indirect labor. Such activities are 

intended to level current capacity utilization (scheduled 

downtime} or to utilize currently available shop floor 

resources that are not required by orders for other tasks 

(e.g., the transfer of workers to indirect labor activities}. 

The assignment of capacity to scheduled downtime is 

becoming more important as a result of the increased use of 

just-in-time principles and practices. Inventory buildup 

frequently occurs between two machines or work centers with 

different output rates. One method of preventing such buildup 

is to periodically schedule downtime for the higher-output 

work center. In this way, scheduled downtime provides 

management with one method of balancing output. 

2.2.3 Data Collection/Monitoring 

Information is crucial in any production scheduling 

system, because it is the major linkage between the planning 

system and shop floor. The flow of this information is bi

directional. The planning system keeps the shop floor 

informed of any changes in the planned requirements (e.g., the 

cancellation/addition of orders; customer-requested changes in 

order due dates}; the production scheduling system keeps the 

planning system aware of the progress of all open orders. 

Such information is collected and analyzed by the data 
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collection/monitoring activity of the production scheduling 

system. 

Data collection records information from the shop floor. 

Information typically collected includes: 

1. current location of shop orders, 

2. current state of completion of orders, 

3. actual resources used at the various operations, 

4. actual resources used at preceding operations, 

and 

5. unplanned delays encountered. 

Such information is often collected in terms of physical 

units and costs. While physical units are meaningful to the 

people in shop floor, the progress of the shop floor is often 

more easily understood by others in the firm if it is stated 

in terms of costs. 

Once the information has been collected, it must be 

analyzed (i.e., monitored). This analysis is frequently done 

by comparing the actual progress of a job with its planned 

progress. The progress of a shop order can be measured along 

several different dimensions: stage of completion, costs 

incurred to date, amount of scrap produced, or nearness to due 

date. Progress must be compared with standards taken from 

engineering or accounting information, past performance (e.g., 

last month's performance), or management's expectations. 

Ultimately, the purpose of monitoring is to identify those 
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orders that, by virtue of the large discrepancy between actual 

and desired levels, require special management attention. 

2.2.4 Control/Feedback 

It is a basic fact of production scheduling that things 

never go as planned. As soon as an order is released to the 

shop floor, changes take place that require reaction from 

production scheduling personnel. Some of these changes 

require little reaction; others, however, create problems that 

require a great deal of management intervention. These 

problems, which can involve not only orders but also shop 

floor resources, are out of control from the perspective of 

the production scheduling system. They are dealt with by the 

control/feedback activities of the production scheduling 

system, whose primary task is to bring them under control. 

Whenever performance becomes unacceptable, the production 

scheduling personnel must step in. They can take two forms of 

corrective action: control and feedback. 

2.2.4.1 Control 

In the short-term, adjustments can be made in shop floor 

capacity. Examples of such adjustments include: 

a. changes in the work rate, 

b. use of overtime or part-time labor, 

c. use of safety capacity, 

d. alternative routings, 
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e. lot splitting, and 

f. subcontracting of excess work. 

These adjustments are intended to bring the actual 

progress of shop orders within an acceptable distance of the 

desired progress. 

2.2.4.2 Feedback 

Information pertaining to the progress of orders on the 

shop floor is transmitted from the production scheduling 

system to the planning system. This information linkage keeps 

the planning system aware of what is happening on the shop 

floor; it also identifies for the planning system those orders 

for which the capacity adjustments of the production 

scheduling system are insufficient. 

At this stage, the planning system may intervene to 

correct the problem. It may take the following remedial 

actions: 

1. the need date for the order may be changed, 

2. the order may be canceled, and 

3. the order quantity may be reduced. 

These actions alter the demands that the planning system 

places on the production scheduling system. As a rule, they 

should be taken only after the production scheduling system 

has exhausted the control options available to it. 

A key element of control/feedback is the creation of 

exception reporting. Control/feedback produces information 
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that requires some form of management action. Exception 

reporting serves to direct this information to the managers 

who are responsible for taking the appropriate corrective 

actions. 

2.2.5 Order Disposition 

The last stage of production scheduling is order 

disposition. Order disposition includes all of the activities 

required to transfer orders out of the production scheduling 

system. This stage is responsible for both completed orders 

and scrap. Order disposition has two major objectives: (1) to 

relieve the shop floor of responsibility for the orders and 

(2) to provide the rest of the firm with ending information on 

which to evaluate the performance of the shop floor. 

At the completion of order disposition, the production 

scheduling system is no longer responsible for the items. 

These items can be disposed of in two ways. In the case such 

as acceptable completed items, they can become part of the 

firm's inventory stocks. Such items are now treated as assets 

by the accounting system. In the case of scrap, the items can 

be disposed of to one or more "profit and loss" account (e.g., 

scrap expenses) . If there is some recoverable salvage value, 

then the scrapped items can be charged off to a combination of 

revenue and expense accounts. Irrespective of how an order is 

treated, the point to be noted here is that it must be 

accounted for in terms of both unit quantities and cost. 
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At the completion of order disposition, the firm can 

evaluate the performance of the shop floor against the 

standards in terms of such measures as: 

a. the number of labor-hours used, 

b. the breakdown of labor-hours between regular time 

and overtime, 

c. the materials used by the order, 

d. the number of hours of setup time required, 

e. the amount of tooling required, 

f. the date on which the order was completed, 

g. the amount of rework or scrap generated by the 

order, 

h. the number of machine-hours required, and 

1. the number of units completed. 

This information is used by various departments in the 

firm and forms the basis for various cost-based reports. It 

also enables management to identify longer-term problems on 

the shop floor (e.g., the persistent lack of demonstrated 

capacity) and to modify cost and production standards. 

2.3 Decision Making Module 

The decision making module is the most important part in 

the integrated process planning model. It is the decision

making module that performs the integration task. It can 

consider both the objectives of process planning and 

production scheduling simultaneously when making decisions. 
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The decision making procedure is separated into two 

stages. Pre-process planning and Final process planning. In 

the pre-process planning stage, job requirements of the part 

are analyzed, based on the available resource in the shop 

floor, alterative process plans are made. In the final-

process planning stage, real-time shop floor status is taken 

into consideration to select a most suitable process plan, 

detail planning and scheduling are made at the same time. The 

detail will be discussed in Chapter 3 and Chapter 4. 
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CHAPTER 3 

PRE-PROCESS PLANNING 

As mentioned before, process planners usually assume 

unlimited resources on the shop floor, and plan at the most 

recommended processes and select the most desirable machines. 

However, the production scheduler's task is to use the limited 

resources on the shop floor to carry out the jobs that process 

planners have given, 

planners consider the 

making process plans. 

available shop floor 

it is very important that the process 

available shop floor resources when 

In the pre-process planning stage, 

resources serve as a constraint to 

process planners, thus all the process plans made are able to 

be realized in the shop floor. 

3.1 Available Shop Floor Resources 

Available shop floor resources include raw materials, 

machine tools, cutting tools, and fixtures. These resources 

must be maintained in databases. They must be able to be 

accessed when needed. They also must be able to be modified 

whenever change happens. 

3.1.1 Manufacturing Database 

A database system is basically a computerized 

recordkeeping system. In other words, it is a system whose 
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overall purpose is to maintain information and to make that 

information available on demand. 

They are many types of databases: relational database, 

inverted list database, hierarchical database, network 

database, and object-oriented database. Among these 

databases, relational database takes domination in 

application. A relational database system is a system in 

which the data is perceived by the user as tables (and nothing 

but tables), and operators that, at the user's disposal, 

generate new tables from the old one. 

A manufacturing database can be logically and/or 

physically divided into several sub-databases. The types of 

database can be a relational model, a hierarchical model, or 

a network model. In many cases, the better idea is using a 

hybrid model, which combines relational and hierarchical or 

network models. 

Process planning is one of the major areas of application 

of database systems in manufacturing organizations. According 

to the general work steps of process planning that have been 

discussed in the previous chapter, databases for process 

planning can be built in many different ways. Whatever 

configuration the database is built into some essential 

information must be provided, such as machine tools 

specification, raw material situation, tooling, and fixturing. 

All of these are necessary input information for process 

planning. When a database is built for process planning, the 
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hybrid approach is a better choice in which the general 

database and sub-databases are built in the form of a network 

model, and then each sub-database can contain further sub

databases or tables which are referred to the relational 

model. Figure 3.1 illustrates a particular process planning 

database which uses a hybrid approach. There are generally 

five sub-databases. They are raw materials database, machines 

database, tooling database, fixturing database, and cutting 

parameters database. Figure 3. 1 indicates that the links 

between these databases form a network structure. It also 

indicates that some databases are based on a network 

structure. It also indicates that some databases are related 

to other databases. For instance, the tooling database is the 

child node of both the raw material database and the machine 

database. This means that the data of tools depends on both 

the data of materials to be cut and the machine tools to be 

employed. 

Among the five sub-databases, raw material databases, 

machine database, tooling database, and fixturing database 

belong to available shop floor resource database. They will 

be discussed briefly in the following sections. 

3.1.2 Raw Material Database 

The raw material data contains specifications of raw 

material, such as shape, size, etc., with a code number for 

each size of a particular shaped stock. The data is stored in 
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Figure 3.l.An example of database for process planning 
system (Zhang and ~ting, 1993) . 
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different tables for different raw materials, such as steel, 

aluminum, plastic, etc. An example of a database is shown in 

Figure 3.2. 

Whenever raw materials have been decided to be used to 

manufacture new parts, the amount needed must be removed from 

the database. Whenever new raw materials come in, they must 

be added to the database. This will make sure that 

manufacturing can be carried out in the shop floor. 

3.1.3 Machine Database 

The machine data contains specifications of all the 

machines that are used in the shop floor. This data is 

categorized according to the type of machines, such as lathes, 

milling machines, drilling machines, etc., and is arranged in 

the form of a table. Each table contains the specifications 

of each machine in its columns. Figure 3.3 shows an example 

of machine tools database. 

This database is different from the "real-time machine 

status" database that will be addressed in Chapter 4. This 

database is relatively static, but when machines breakdown or 

new machines come in, the database needs to be modified to 

reflect the change. This database serves as a constraint to 

the process planners. Thus all the process plans generated 

are able to be realized using the machines on the shop floor. 
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STOCK INVOICE DATE: 0&'02188 

•••••••••••••••••• 

lnstl~e d Manufacturing Engineering 
Technical Universlly of OenrnBIK 

DK-2900 Lyngby, Dervnartt 

----- ---------
This STOCK INVOICE Is used for the RWA MATERIALS DATABASE 

d the expen proc86S plaming system XPLAN·R -------------------
Propeny of stock: Medium carbon steel 451 

. -------
Codes Feature Oia.(mm) Length(m) Co&Um(OKK) Stock state --- --- ---
HXM45040 Hexagonal bar ~0. 10. 285. Available 
HXM45045 Hexagonal bar 45. 10. 285. -o-
SCM45020 Squared section 20. 5. 250. Available 
SOM45025 Squared section 25. 5. 280. -o-
SCM45030 Squared section 30. 5. 285. Avallable 
SCM45035 Squared section 35. -o- ~ -o-
SCM45040 Squared section 40. 5. 320. -o-
SQM45045 Squared section .cs. -o- -o- -o-
BLM45020 Black bar 20. 8. 100. Available 
BLM45025 Black bar 25. 8 . 100. Available 

. BLM45030 Black bar 30. 8.5 110. Avallable 
BLM45035 Black bar 35. 9. 110. Available 

. BLM45040 Black bar 40. 10. 120. Available 
BLM45045 Bright bar .cs. 10. 120 . Available 
BRM45020 Bright bar 20. 10. 150. Available 
BRM45025 Bright bar 25. 10. 160. Avialable 
BRM45030 Bright bar 30. 10. 165. Available 
BRM45035 Bright bar 35. 10. 170. Available 
BRM45040 Bright bar 40. 10. 175. Available 
BRM45045 Bright bar .CS. 10. 180. -o-
HXM45020 Hexagonal bar 20 8. 250. Available 
HXM45025 Hexagonal bar 25. 8. 255. -o-
HXM45030 Hexagonal bar 30. 8. 265. Available 
HXM45035 Hexagonal bar 35. 10. 275. -o-

Location 
. ---

MC.04.8 
MC.04.9 
MC.05.3 
MC.05.4 
MC.OS.S 

-o-
MC.05.6 

-o-
MC.01.4 
MC.01.5 
MC.01.6 
MC.01.7 
MC.01.8 
MC.01.9 
MC.02.4 
MC.02.5 
MC.02.6 
MC.02.7 
MC.02.8 
MC.02.9 
MC.03.4 
MC.03.5 
MC.03.6 
MC.03.7 

Figure 3.2.An example of raw material databa~e (Zhang 
and Alting, 1993) . 
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machi machi ne name t'Mehltype apnbo apnapHd 

TU01 BOEHRINGE VDF CNC LATHE 130. 14-22.CO 
..ooc 

TU02 BOXFORD 300-IS NC LATHE 35. 27-3000 
TU03 COLCHESTER CNC CNC LATHE 54. 20-2750 

200L 
TU04 OORTINI H105 CCNC LATHE 20. 150-3000 
TUOS DYNA MYTE 3000 CNC LATHE 16. ~ 

TU06 MORI SEIKI CNC CNC LATHE 
SL-5 

TU07 NAKAMURA SUPER CNC LATHE 
TURN2B 

TU08 OKUMA LS15-1SC CNC LATHE 
500 

TU09 · PARTNER L-100H CNC LATHE 
TU10 YANAZAKI QUICK CNC LATHE 

TURN 20 

77. 30-3000 

80. 10-3500 

56. 75-4200 

32. 80-4000 
80. 13-3000 

rnolor power cc.t/m 

60KW 300 • 

1.SKW 180. 
5KW 250. 

1HP 205. 
~4 HP Servo 215. 
mol or 
OC22/30KW 

AC 11/15KW 

11KW 

AC5.5 KW 
25 HP/18. 7KW 

270. 

280. 

290. 

210. 
270. 

• • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • 

rnachi machine name machdife toip. apnapeed motor power 

ML01 OORTINI L300 

ML02 FANUC TAPE 
CENTER-MODEL D 

ML03 HERMLE UWF 700 
CNC 

ML04 MAZAK VOC-20/.CO 

MLOS MISUI SEIKI HR38 

ML06 OKUMA MC-4VA 

ML07 PARTNER M-300 

CNC VERTICAL MINI 6 150-3200 0.3KW (1.5HP) 
MACHINING CENTER 
CNC MINI 10 35-4500 7.5KW 
MACHINING CENTER 
CNC MILLING AND 1 40-2000 2.2KW 
DRILLING MACHINE 
CNC OOUBLE-OOLUMN 20 2a-.ooo AC7.5HP/18KVA 
MACHINING CENTER 
CNC 30 ~ 11/15 KW.AC 
HORIZONTAL-SPINDEL 
MACHINING CENTER 
CNC VERTICAL 20 ~ VAC3.7/5.5KW 
MACHINING CENTER 
CNC VERTICAL 20 100-6000 AC 3.7/2.2KW 
MACHINING CENTER 

Figure 3.3.An example of machine database (Zhang and ~ting, 
1993) .. 
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3.1.4 Cutting Tool Database and Fixture Database 

Things are more complicated when considering cutting 

tools and fixtures. In the shop floor, there are certain 

fixtures and cutting tools in storage. Their information can 

be stored in a fixture database and a cutting tool database 

like the raw material database and the machine database; but 

in a real manufacturing environment, when manufacturing a 

part, some special cutting tools and/or fixtures that we do 

not have in the shop floor might be needed. This involves the 

problem of cutting tool design and fixture design. In this 

thesis, the decision-making focuses on the selection of 

machine tool. The problem concerning the cutting tools and 

fixtures are beyond the scope of this thesis and will not be 

discussed further. 

3.2 Feature Reasoning 

After part features are recognized from the CAD model 

through a design interface, they need to be analyzed in order 

to generate process plans. This procedure is called feature 

reasoning in this thesis. Three things need to be done in 

feature reasoning: there are machining processes analysis, 

feature relationship analysis, and tolerance chain analysis. 

3.2.1 Machining Processes Analysis 

After each feature of the part has been recognized, 

machining process can be recommended. This procedure needs 

57 



process knowledge, or, in other words, process capability 

information. 

For conventional process planning (where human planners 

are used), all process capability information comes either in 

the form of experience or in handbook lists and guides. In 

order to build an expert process planning system, we need to 

collect this information and represent it in a usable way. 

There are different levels of process knowledge 

universal level and specific level. The universal level of 

process knowledge is the knowledge of a process without regard 

to the individual shop or machine which performs the process. 

On the universal level, we can say that a twist drill can 

produce a round hole with certain accuracy. This statement is 

applicable to all twist drill processes and whether they are 

performed in company A or company B is not considered. 

Specific process knowledge is corresponded to a specific shop 

floor, and the processing detail is considered. Although 

generally one can say that a twist drill operation can produce 

a certain hole diameter with certain accuracy, at the specific 

level, we look at a specific machine or improved cutter 

requirements, which can produce a much smaller hole or obtain 

a much better accuracy. This knowledge may not be achievable 

by other shop floors. Or perhaps certain equipment is older 

and not as well maintained, thus the capability would be less. 

To obtain specific knowledge, one has to collect data on all 

machines in the shop floor. Since the shop floor capability 
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changes over time, a periodic review of specific level 

knowledge needs to be conducted at fixed intervals and after 

any major equipment change in the shop floor. 

Machining processes are used to remove materials from a 

work-piece. It can be considered as a way to transform a 

solid object by removing volume from it. During this 

transformation, not only volume is removed, but at the same 

time new surfaces are created. The characteristics of these 

new surfaces are dependent on the capability of the process 

applied. A simplistic way of describing this is to model the 

process capability by the shape (volume) and surface 

characteristics a process can create. 

The volume removed is a subset of the tool sweep volume. 

Tool sweep volume is the volume produced by the tool moving 

along its cutting path. The intersection between the work

piece and the tool sweep volume is the removed volume. What 

is left on the work-piece is either a flat surface or a cavity 

region. We can consider the flat surface or the cavity as a 

machinable feature. This feature consists of several faces 

(Fm, m = 1, 2, ... , M). Each face has its shape, dimensions, 

and a set of surface properties. Therefore, one can consider 

a machining process as an operator P which has the following 

properties: 

Pi (W) ---> W' 

w = w - Voli 

SA' = SAi 
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Where 

w 

W' 

Process i 

Work-piece 

Work-piece after machining 

Sweep volume created by the process ~ 

Boolean difference operator 

Surface property of the newly created feature 

Surface creating capability of process i. 

For the process planning purpose, we want to determine 

the feasible processes and tools that can produce the feature 

shape. That is to say, the processes capability 

representation need to be matched with the design 

specifications. Thus, a representation method should be 

founded. 

Since a complete mathematical description has not yet 

been found useful, most existing process planning systems use 

symbolic representations. That is to say, the shape 

producible by a process is assigned a name (symbol) . The 

design is converted into a representation using the same 

symbol. In this representation, only gross shape description 

is considered. If they are not significant to the selection 

of a process, local details are usually ignored. 

Basically, there are three methods for representing the 

shape producing capability: by edge, by surface, and by 

volume. All of them can be considered as modelling with 

features (edge feature, surface feature, and volume feature) . 
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One way to model the shape producing capability of a 

process is to analyze the surfaces generated by it. Since the 

surfaces generated can be extremely complex, it is easier to 

consider only feature surfaces. Feature surfaces are 

characteristic of what can be produced by the process being 

studied. The feature surfaces are created by the generating 

motion. 

As one can reason that the surface is generated by a 

generating process, it must take the shape from this 

generating process. The two major factors --generating 

surface (cutting edges and tool rotation) and tool motion (in

feed and cross-feed) are dominating factors. Processes like 

drilling, boring, reaming, broaching, and sawing have only one 

feed direction, the surface generated are either cylindrical 

(for drilling, boring and reaming), flat or form shape (for 

sawing and broaching) . Turning can have two feed directions, 

thus the surface is two-dimensional. However, this surface 

must be rotational. Peripheral milling and face milling can 

move in two dimensions. Their motion is restricted to a 

planar surface, so a flat surface can be formed, and formed 

slot shapes (e.g., V-slot) can be produced. Since both 

peripheral milling and face milling tools are circular, they 

both can produce a round corner. A ball-end milling cutter 

has a three-dimensional feed direction range, it can produce 

a large variety of surface. 
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Other than the shape producing capability, each 

process/tool also has its own dimension, tolerance, and 

surface properties producing capabilities. It is obvious that 

the drilling process cannot drill an infinitely large and deep 

hole. Neither can it drill a hole infinitely small in size. 

As a matter of fact, it can only produce holes with discrete 

size increments. Besides the size capability, every process 

also has a tolerance and surface finish producing capability. 

The dimension capability is determined by both the tool 

size and/or the machine tool work envelope. For a process 

which uses a form generating method, the dimension capability 

usually is determined by the tool dimension. For example, the 

hole diameter and the depth producible by a drilling process 

are determined by the available drill sizes. For generating 

machining, the dimension is not only limited by the cutting 

tool but also by the machine tool where the process is 

conducted. On three-axes machining, usually the Z axis is the 

spindle axis. If a cavity is being machined, the maximum 

depth is limited by the tool length. When trying to go any 

deeper, the spindle will begin to interfere with the work

piece. However, if the cavity opening is big enough to allow 

the spindle to go in, then the limitation is the maximum 

travel of the spindle. For the X and Y axes, the dimension 

limits are the machine travel limits. 

The cause of tolerance capability ~s more complex. Many 

factors affect the accuracy of a process, i.e., tool wear, 
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tool deflection and chatter, thermal deformation of machine 

tool elements, tools and work-piece, control inaccuracy, round 

out of tool assembly, fixture error, etc. The tolerance 

capability is caused by a combination of these factors. 

For every feature, there might be several different 

machine tools that can carry out the machining process to 

generate that feature. For example, usually a hole is drilled 

using a drilling machine, but it can also be milled using a 

milling machine, or it can be drilled in a lathe. All the 

possible machines on the shop floor that can be used to 

machine the feature need to be considered when recommending 

machining processes for a feature. 

3.2.2 Feature Relationship Analysis 

By studying the features within a part, one can find that 

they have certain geometric relationships. Some features can 

be accessed without restriction, others can be accessed only 

after some other features have been manufactured. For 

example, the thread of a hole can be machined only after the 

hole has been machined. So it is very important to represent 

the feature relationships in order to create reasonable 

process plans. 

The geometric relationship of features within a part can 

be represented using a feature relation graph. Figure 3. 4 

shows the feature relation graph. In the graph, all the 

relations the feature has with other features can be 
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represented without ambiguity. This representation actually 

helps in generating feasible setups of the part. 

The feature relation graph is quite easy to be understood 

by a human process planner. But since we are using computer 

to make process plans, a representation method is needed for 

the convenience of a computer system. As mentioned before, a 

relational database uses tables to store information. The 

feature relationship can also be represented using a table. 

For the example shown in Figure 3. 4, a table can be built 

(shown in Table 3.1). 

In the table, the feature with a "null" constraint means 

it can be accessed without any restriction; the feature with 

the "F1" constraint means it can be accessed only after the 

feature "F1" has been removed. Once a feature has been 

machined, the table can be easily modified to reflect the 

change. For example, in Table 3.1, if F1 has been machined, 

the row with feature "F1" will be indicated as "removed," the 

"F1" in the constraint column will be changed to "null." The 

table will be modified as shown in Table 3.2. According to 

Table 3. 2, we know that now features "F4" and "FS" can be 

accessed. 

One important thing must be mentioned here: that is the 

feature relationships discussed here are solely based on 

geometric consideration. For setup generation, other factors 

such as machining processes, tolerances, and setup datums need 

to be considered. 
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finished part 

raw material 

Figure 3.4.Feature relation graph. 
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Table 3.1. Feature 
relationship (1) . 

I FEATURE I CONSTRAINT 

Fl null 

F2 null 

F3 null 

F4 Fl 

Fs Fl 

F6 F3 

F7 F6 

Table 3.2. Feature 
relationship (2) . 

I FEATURE I CONSTRAINT 

Fl removed 

F2 null 

F3 null 

F4 null 

Fs null 

F6 F3 

F7 F6 

I 

I 

3.2.3 Automated Tolerance Analysis 

To enhance the capability of process planning and make it 

viable for real time application, tolerance analysis should be 

used as a part of process planning. 

Very few process planning systems use this analysis. The 

use has been currently limited to checking tolerance stack-ups 
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rather than helping create optimal process plans. In the 

integrated model, we propose to use tolerance analysis to 

create process plans instead of checking the feasibility of 

already created process plans. The driving concept of 

tolerance analysis is that the looser the operation tolerance 

obtained the higher the flexibility in the machining process 

(machine tool) selection. 

Most of the existing systems isolate the operations, 

disregard the relationship among the operations in one setup, 

confuse the assembly tolerance analysis with operational 

tolerance analysis, and overlook the influence of positional 

tolerances on dimensional tolerances. The tolerance chain 

theory and tolerance chart analysis for assembly process are 

indiscriminately used in the machining process planning; 

therefore, they cannot reveal the true relationship of the 

features obtained in NC machining process and cannot be used 

as the backbone of process planning. 

In this model, the method of tolerance analysis is 

applied, and all the tasks of process planning are integrated 

with the analysis. 

In a typical machining process on a NC machine tool, 

features obtained in one setup are interrelated through 

programmed nominal coordinates and are not based on the actual 

position of any other feature as datum. This relationship 

proves that feature tolerances in a setup do not form a 

tolerance chain and let the process planner have a wider 
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manufacturing tolerance. By providing wider manufacturing 

tolerance, jobs require machine tools with higher machine 

capability. This increases the choice of machine tools as any 

machine with lower machine capability can be selected. In 

effect by using this concept, we will be able to reduce the 

requirements from a machine tool to process this job. This 

reduction in requirements can be especially felt while 

scheduling machines on the shop floor. Tolerance analysis is 

done in following steps. 

First, the designed tolerance specifications are 

interpreted and analyzed. The orientation of each feature is 

identified. The orientation of a feature is the direction in 

which the tool can access the feature. For rotational parts, 

there are two opposite orientations along the axis. A feature 

(e.g., a through hole) may have two orientations. Only the 

features with the same orientations can be machined in the 

same setup. Since the highest accurate dimensional and 

positional relationships obtainable are from the same setup, 

the features with tight dimensional or positional tolerances 

will be arranged in the same setup as much as possible. If 

not, a proper fixture or process will be selected to guarantee 

the relationship. For instance, a steel part has two parallel 

surfaces with different orientations. The dimensional (size) 

tolerance is not tight. The tolerance and the surface finish 

are within the turning process capability. But the 

orientation (parallelism) tolerance is less than that 
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obtainable from the turning process in two setups. Therefore, 

a cutting off operation or a plane grinding process is 

selected to guarantee the positional relationship. 

After classifying the orientation and grouping them into 

setups, the cuts and the setups will be sequenced. The 

sequence of the cuts in the same setup does not influence the 

accuracy of the dimensions. The criteria of the least cutting 

time is used to sequence the cuts. Several rules are used to 

arrange the operations: the features are arranged with tight 

tolerance in the same setup if possible; the datums have 

opposite orientations to the feature to be machined; the 

possible (potential) datums are those with tolerance 

specification with the features to be obtained (the process 

capability and tolerance analysis are used to select feasible 

datums); and the datum is machined before the setup. The 

arrangement can maximally relax the requirement for the 

machine tool and the fixture. A chain may be formed for a 

dimension obtained indirectly from different setups. In that 

case, the tolerance of the dimension is the sum of the 

relevant component dimensions, which are obtained directly as 

operational dimensions. Hence, the tolerances of the 

operational dimension may be tighter than the design 

tolerances. The operational tolerances are the basis for 

machine selection and cost estimation instead of the designed 

tolerances. The fixture selection and design can be carried 

out only after the tolerance analysis and the setup-datum 
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selection. The information and parameters for fixtures can be 

given in the process plan. The datums is specified and the 

fixture database is searched to see if any existing fixture 

can hold the part firmly and accurately with the datums 

specified and does not interfere the tool movement. If no 

match is found, a new fixture is designed with the detailed 

parameters. Cumulative tool wear and tool calibration error 

will appear in the dimension from the datum to the feature 

obtained. The tool wear is monitored and when it approaches 

the operational tolerance for that dimension, the tool offset 

is adjusted or the tool is replaced. If the designed 

tolerances are not tight, alternative process plans will be 

generated and the real time shop floor information will be 

used to select the optimal plan for rescheduling. 

Manufacturing time and cost can be calculated based on the 

generated process plan. Hence, it can be seen that tolerance 

analysis has been used as a part of expert process planner to 

generate alternate plans not only based on the real time 

information but also based on the machine requirements. 

3.3 Process Plan Representation 

Once the process plans for a part have been generated, 

they must be represented clearly. A process plan contains 

information for the scheduler to schedule jobs, the tool crib 

to prepare tools, the part programmer to write the part 

program, the machine operator to setup the fixture and the 
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work-piece, and the industrial engineer to calculate 

production cost and design shop layout. In this thesis, the 

objective is integration of process planning and production 

scheduling, so when discussing process plan representation, we 

only present the information needed for production scheduling 

function. 

A process plan usually contains several setups. For each 

setup, there might be several machines that can be used to 

perform the task, each machine operation time might be 

different. This information must be stored in a setup 

database. The database is also a relational database using a 

table to store the information. Table 3.3 shows the content 

of a setup database. 

The setups within a process plan also have certain 

relationships. Some setups need to be performed before a 

certain setup can be performed. Some setups can be performed 

without restriction. From this point of view, it seems that 

the setup relationships can be represented using a way similar 

to the Feature Relationship Graph. But for a certain part, 

there might be different process plans with different setups. 

So, the representation method for the process plan is 

different from that of feature relationship. 

The process plan can be represented using a Process 

Specification Graph. Figure 3. 5 shows a Process Specification 

Graph. 
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Table 3.3. Setup database. 

I 
SETUP 

I 
FEATURES 

I 
MACHINE (TIME) 

I 
sl fl + f2 ml (tl) m2 (t2) 

s2 f3 m4 (t4) ms (ts) 

... . .. . .. 

. . . . .. . .. 

. . . . .. . .. 

sn f7 + fa mg (tg) 

In the graph, there are nodes and arcs. A sequence of 

one or more consecutive nodes and arcs form a path. A node is 

a type of entity located at every vertex of a directed graph, 

and an arc is a connector between two nodes denoting a 

temporal precedence relationship between nodes. There are 

different types of nodes: termination nodes, task nodes, split 

nodes, and join nodes. 

1. Termination nodes. There are two types of termination 

nodes. The START node and END node. They delimit the 

beginning and end of the graph structure, respectively. The 

START node is a unique node indicating the starting point of 

processing for this plan. The END node is a unique node and 
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~art 

Figure 3.5.Process specification graph. 
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marks the last node in the graph. The termination nodes are 

placeholder nodes and do not contain processing information. 

2. Task nodes. A task node contains the setup that needs 

to be performed. It only indicates the name of the setups, 

the detailed information about this setup is found in the 

setup database. 

3. Split nodes. Split nodes allow the specification of 

different processing paths. There are two different split 

nodes: AND node and OR node. OR node means that from this 

node, one and only one successive node should be included in 

an execution path. (An execution path is actual path selected 

to carry out the process plan, in other word, by performing 

the setups in the execution path, one can get a finish part 

from raw material.) 

There is always a n-number contained in an AND node, the 

n-number indicates that all the n different successive nodes 

should be included in the execution path. The setups in these 

nodes can be performed in any sequence. 

4. Join nodes. Join nodes are required to bring multiple 

paths back together after a split node. Each split node has 

a corresponding join node and split-join pairs may be nested 

to an arbitrary depth. A join node also specifies how many 

nodes are joined by using a m-number. 

According to the Process Specification Graph, different 

process plans can be formed. From the example shown in Figure 

3.5, we can know the following facts: 
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1. No matter which process plan is selected, setup s 1 

must be performed first and setup Sa must be performed last. 

2. There are two process plans that use different setups 

can be formed. One includes setup s 1 , Su s 3 , s 4 , s 5 , and Sa. 

The other includes slf Su s 3 , s 6 , s7f and Sa. 

3. If setup s 4 and s 5 are selected in the process plan, 

setup s 6 and s 7 cannot be selected, and vice versa. 

4. Setup s 3 must follow setup s 2 , setup s 5 must follow 

setup s 4 , and setup s 7 must follow setup s 6 • 

5. Setup s 2 can be performed either before or after setup 

S4 (s6) • 

The task of pre-process planning is finished up to now. 

Chapter 4 will discuss how the process plan is selected and 

setups are assigned to machines. 
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CHAPTER 4 

FINAL PROCESS PLANNING 

Once all the possible process plans have been generated, 

a most suitable one must be selected according to the real

time shop floor status. The real-time shop floor status 

includes machine status and labor status. Since the purpose 

of final process planning is to assign setups to machines, we 

will refer to machine status only, and assume each operator 

(labor) manipulates one machine. An idle machine means the 

operator who manipulates the machine is waiting to work. In 

other words, we only need to consider machine status. 

4.1 Real-Time Machine Status 

The information about real-time machine status in the 

shop floor can also be stored in a database. The database is 

called Real-Time Machine Database. It can be constructed 

based on the task and time assignment of the machines. The 

database should have information about all the machines in the 

shop floor. From the database, it must be possible for us to 

know when a specific machine is available (waiting to machine 

some part) and when it will not be available (some parts are 

going to be machined) . 

Table 4.1 shows the content of a Real-Time Machine 

Database. The table has two columns. The "MACHINE" column 

indicates a specific machine. The "TIME TABLE" column 
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Table 4.1. Real-time machine database (1). 

I 
MACHINE 

I 
TIME TABLE 

• MILL01 ( 0, 20) ( 45, 50) (60, ) 

MILL02 (7, 18) (22, ) 

0 0 0 ...... 

0 0 0 ...... 

0 0 0 ...... 

LATHE09 (0, 2) ( 8, 12) (25, ) 

indicates real-time status of that specific machine. The two 

numbers within the parentheses indicate the periods of time 

that the machine is idle (available) . 

From Table 4.1, we can know that at time 7 to 18, and 

after time 22, machine MILL02 is available, while at other 

times it is not available. 

The Real-Time Machine Database should be well maintained 

to reflect actual status of the shop floor. We are concerned 

with the current and future status of a machine, as the time 

passes, information about past status of machines can be 

eliminated from the database. For example, at time 21, the 

database shown in Table 4.1 can be modified (shown in Table 

4 0 2) 0 
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Table 4.2. Real-time machine database (2). 

I 
MACHINE 

I 
TIME TABLE 

I 
MILL01 ( 45, 50) (60, ) 

MILL02 (22, ) I 
! 
; 

i ... . ..... 

. . . . ..... 

. . . . ..... 

LATHE09 (25, ) 

Since the database is constructed based on the scheduling 

times, and the schedule is not always followed exactly, we 

cannot guarantee that the database can reflect the actual shop 

floor status accurately. Some modifications must be made 

according to real-time feedback from shop floor. For example, 

if originally at time 45 to 50, mill 1 is assigned to perform 

part Q, but part Q is delayed for some reason and arrived at 

mill 1 at time 48, the database should be modified (shown in 

Table 4. 3) . 

Based on the real-time shop floor status, one suitable 

process plan can be selected for a part from the possible 

process plans generated in the pre-process planning stage. 
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Table 4.3. Real-time machine database (3). 

I 
MACHINE 

I 
TIME TABLE 

I 

MILLOl ( 4 8' 53) (60, ) 

MILL02 (22' ) I 

' I 

' ... . . . . .. 

. . . . ..... 

. . . . . . . . . 

LATHE09 (25' ) 

4.2 Priority Rule 

Usually there are several parts waiting to be 

manufactured in the shop floor. These waiting orders need to 

be ranked in terms of urgency: from most urgent (highest 

priority) to least urgent (lowest priority) . This ranking 

provides the operator with a recommended sequence in which to 

process the orders. Most often, the task of initially ranking 

orders ~s accomplished by means of a priority rule (also 

referred to as a dispatching rule) . A priority rule can be 

defined as a set of steps for assigning priorities to orders 

waiting to be processed at a given work center. 
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Past studies in scheduling, sequencing, and dispatching 

have identified over 100 priority rules. Among the more 

commonly used priority rules are the following: 

4.2.1 First Come, First Served (FCFS) 

Orders are processed in the same sequence in which they 

arrive at the shop floor. This rule is extremely simple to 

implement and use since it does not require a computer. All 

that has to be done is to record the time when orders arrive 

and to use this as the recommended sequence. Unfortunately, 

this rule ignores such important information as order due 

date, operation due date, processing time, and similarity of 

setup or processing. Generally, this is not a recommended 

priority rule. It can be used successfully only when the work 

center queue has been reduced to a few jobs. 

4.2.2 Shortest Processing Time/Shortest Operation 
Time (SPT/SOT) 

The order with the shortest processing time (i.e., setup 

plus operating time) or the shortest operation time at the 

shop floor is the next one to be processed. This rule offers 

important advantages. It can maximize the number of jobs 

processed through shop floor within a given time period. Its 

Under use generates the smallest average order lateness. 

conditions when order due dates are either infeasible or very 

suspect, SPT/SOT is the most appropriate rule to use. Like 

FCFS, however, SPT/SOT is not generally recommended. Its use 
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can result in the infinite delay of orders requiring large 

amounts of processing time. Generally, SPT /SOT is recommended 

only when due dates are not useful criteria for dispatching. 

4.2.3 Earliest Due Date (EDD) 

The order with the earliest due date is run next. EDD 

encourages the on-time delivery of orders. However, the EDD 

priority rule suffers from two major problems. First, to 

operate most effectively, EDD requires attainable order due 

dates. Due dates that are either tight or infeasible work 

poorly with this dispatching rule. Second, and more 

important, the EDD rule presents a distorted view of the 

urgency of the order, depending on whether the order is at the 

start of its process or approaching completion. Because EDD 

ignores the remaining processing time when calculating 

priorities, orders just released to the shop tend to be given 

lower priorities (based on due dates alone) when compared to 

orders completing processing. These priorities may be biased 

because the orders just released may have their lead times 

completely taken up with processing. Priorities increase 

under EDD as the order is completed and nears its due date. 

In general, EDD is appropriate when orders tend to follow the 

same routing and when the remaining processing time does not 

constitute a critical component of the total manufacturing 

lead time. 
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4.2.4 Slack Time Remaining (SLACK) 

Under this priority rule, the order with the smallest 

slack is run next. Slack is defined as the difference between 

the current time and the order due date (after the remaining 

processing time has been subtracted) . Like EDD, SLACK 

considers the amount of remaining processing time when 

calculating priorities. A major weakness of SLACK is that it 

ignores the number of remaining operations in the priority 

calculation. 

4.2.5 Slack Time per Remaining Operations {S/OPN) 

The priority of an order is determined by dividing the 

slack time (as calculated in SLACK) by the number of remaining 

operations. 

next. 

The order with the smallest ratio is processed 

4.2.6 Critical Ratio Rule (CRR) 

The critical ratio is defined as the order's slack 

divided by the remaining lead time (where the order's slack is 

the difference between the order due date and the current 

date) . The order with the smallest ratio is processed next. 

The order's critical ratio indicates its urgency and status. 

An order with a critical ratio of less than 1 is behind 

schedule; a critical ratio greater than 1 indicates an order 

that is ahead of schedule, while a critical ratio of 1 

indicates an order that is on schedule. Until recently, CRR 
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was widely advocated as being the most appropriate dispatching 

rule for many due date-driven job shops. The major problem 

with CRR is that it states its priorities in the form of 

ratios. Priorities expressed in this way may not be 

meaningful to shop floor personnel. Less and less use is 

being made of CRR. 

4.2.7 Queue Ratio (QR) 

The queue ratio is calculated as the remaining slack time 

divided by the remaining planned queue time. Orders with the 

smallest QRs are typically processed first. 

4.2.8 Operation Due Date/Operation Start 
Date (ODD/OSD) 

This priority rule first establishes the operation due 

date or start date using the backward/forward scheduling 

logic. The orders are then arranged in terms of smallest 

values. Increasingly, this rule is becoming the rule of 

choice for due date-driven systems. ODD/OSD also considers 

the effect of the remaining lead time components (processing 

time, setup time, move time, queue and wait time). Finally, 

and most important, ODD/OSD states the priorities in terms 

meaningful to most shop floor personnel. Most shop floor 

personnel can readily compare the operation due date with the 

current date to see whether the order is on schedule. 

As has been noted, the above list is not exhaustive. 

seven of the rules listed are time-based. They focus on such 
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criteria as meeting due dates and minimizing order lateness. 

However, other criteria may be considered in developing a 

priority rule. These criteria include minimizing setup times, 

maximizing the dollar volume produced by the shop, maximizing 

the profit generated by the shop, and reducing machine or 

worker idle time. 

When selecting and using priority rules, the following 

factors should always be borne in mind: 

1. The priority rules used to sequence overdue orders can 

be different from the priority rules used to sequence other 

orders. 

2. Priority rules should be simple to use. 

3. Priority rules should be transparent and valid. 

4. Priority rules should generate meaningful priorities. 

5. The priority rule must be consistent with the 

operation and objectives of the planning system. 

6. A priority rule is never a substitute for capacity 

planning. 

7. The priorities generated by any priority rule should 

be regarded as recommendations. 

No matter which priority rule is used, one can always 

determine when a part is going to be manufactured. 

4.3 Process Plan Selection 

Once a part has been decided to be manufactured, we need 

to schedule the setups to machines. As we mentioned in the 
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pre-process planning stage, there are different setups to 

manufacture the part and these setups can have different 

sequences. To select setups and their sequence, one always 

needs to have certain criterion, though different companies 

may have different criterion. The basic criteria are: 

minimize manufacturing cost and minimize manufacturing lead 

time (the interval from the time that an order is released 

from the planning system to shop floor until the time the 

order is completed and sent to inventory) . 

Manufacturing cost includes labor cost, raw material 

cost, and 

depreciation, 

manufacturing 

rent, etc.) 

overhead (power, 

cost. Among these 

equipment 

costs, the 

manufacturing overhead cost is associated with manufacturing 

lead time. The more time a part spends in the shop floor, the 

higher is the overhead cost incurred in terms of a built-up of 

in-process inventory, machine break downs, waiting in queue, 

etc. 

By studying these costs, we can find the following facts: 

(1) workers are hired by the company and are paid monthly 

or weekly. There is no way for a process planner to reduce 

the salary of a shop floor worker, that is to say, the 

selection of process plan has no influence on labor cost. 

Minimum labor cost is not a useful criterion for process plan 

selection. 

(2) Raw materials are provided by Manufacturing 

Requirement Planning (MRP) system. No matter which process 
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plan is selected, the requirement of raw materials ~s the 

same. Different process plans will not change the cost of raw 

material. 

(3) As mentioned before, manufacturing overhead cost is 

associated with manufacturing lead time. By reducing 

manufacturing lead time, we can reduce manufacturing overhead 

cost at the same time. Different process plans can lead to 

different manufacturing lead time, so the problem now is to 

select a process plan and make sure the manufacturing lead 

time is minimized. 

Manufacturing lead time not only depends on the process 

plan itself, but also depends on real-time shop floor status. 

For example, assume part Q can be manufactured in machine 1 in 

12 minutes. If machine 2 is used, 16 minutes are needed. At 

time 0, part Q is released to shop floor. Machine 1 is busy 

and will be available in 10 minutes, but machine 2 is 

available. One can see if machine 1 is used, though the 

machining time is 12 minutes, the manufacturing lead time is 

22 (10 + 12 = 22) minutes. If machine 2 is used, though the 

machining time is longer (16 minutes), the manufacturing lead 

time is shorter (16 minutes) . In order to minimize 

manufacturing lead time, we need to consider real-time machine 

status. 

Manufacturing lead time is also dependent on operation 

sequence. For example, consider a part which has two setups, 

setup A and setup B, these two setups have no restriction, 
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setup A can be performed either before or after setup B. 

Setup A need to be performed in 10 minutes using machine 1. 

Setup B need to be performed in 12 minutes using machine 2. 

At time 0, the order is released to shop floor. Machine 1 is 

busy and will be available after 8 minutes, and machine 2 is 

available. If setup A is performed first, the total 

manufacturing lead time will be 30 (8 + 10 + 12) minutes. If 

setup B is performed first, the total manufacturing lead time 

is 20 (12 + 8) minutes. Therefore, we must consider the 

operation sequence when selecting the process plan and 

assigning setups to machines. 

The problem of minimizing manufacturing lead time can be 

solved in two steps. First, list all the possible process 

plans (including different setup sequence) . Then, based on 

the real-time machine status, calculate their manufacturing 

lead time. Select the process plan with the least 

manufacturing lead time. Then, setups within that process 

plan can be assigned to machines. 

Since pre-process planning only gives us the graphic 

result (Figure 3.5), we need to find a method to represent the 

graphic which is easy for a computer to manipulate. For the 

process specification shown in Figure 3. 5, a table can be 

built (Table 4.4). 
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Table 4.4. Process specification . 
I SETUP II PRECEDENCE SETUP I EXCLUSIVE SETUP I 

1 0 

2 1 0 

3 2 0 

4 1 6 AND 7 

5 4 6 AND 7 

6 1 4 AND 5 

7 6 4 AND 5 

8 3 AND (5 OR 7) 0 

The "PRECEDENCE SETUP" column in the table means the 

setup in the corresponding row can be manufactured only after 

the setup(s) in the column have already been manufactured. 

For example, the "6" in row 7, column 2, means setup 7 can be 

manufactured only after setup 6 has been manufactured. While 

a blank means the setu? can be performed instantly. 

The "EXCLUSIVE SETUP" column in the table means if the 

setup in the corresponding row ~s selected, the setup (s) 

indicated in the column cannot be selected anymore. For 

example, the "6 AND 7" in row 4 column 3, means if setup 4 is 

selected, setup 6 and setup 7 cannot be selected. These two 

restrictions maintain the relationship shown in the process 

specification graph. 

All of the possible process plans (including different 

setup sequence) can be found from the table. To list all 
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these process plans, we need to represent it using a tree 

structure. The algorithm is as the following: 

Step 1. Find the setups whose "PRECEDENCE SETUP" content 

is blank. These setups form the first layer of the tree 

structure. Assume there are setups SS1 , SS 2 , ••• SSA. 

Step 2. For i from 1 to A, do the following: 

(a) Change the content of "PRECEDENCE SETUP" 

into "selected." 

(b) Search "PRECEDENCE SETUP" column, if setup SSi 

appears, delete it. 

(c) Search "PRECEDENCE SETUP" column again, if its 

content l.S blank, check its "EXCLUSIVE SETUP" 

content, if ssi is not in it, this setup is a child 

node of ssi. 

Step 3. The setups found in step 2 form the second layer 

of the tree. Repeat the same procedure as step 2, the third 

layer of the tree can be formed. The procedure is repeated 

until no more layers can be formed. 

Using this algorithm, the tree structure for Table 4.4 

can be formed (shown in Figure 4.1). Every path of the tree 

is a process plan. From the tree structure, we can list all 

the possible process plans (including different setup 

sequence) as the following: 

Process plan 1 = Sl + S2 + S3 + S4 + SS + sa 

Process plan 2 = Sl + S2 + S3 + S6 + S7 + sa 

Process plan 3 = Sl + S2 + S4 + SS + S3 + sa 
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Figure 4.l.Tree structure for process plan specification. 
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Process plan 4 = S1 + S2 + S4 + S3 + SS + sa 

Process plan 5 = S1 + S2 + S6 + S7 + S3 + sa 

Process plan 6 = S1 + S2 + S6 + S3 + S7 + sa 

Process plan 7 = S1 + S4 + S2 + S3 + SS + SB 

Process plan a = S1 + S4 + S2 + SS + S3 + sa 

Process plan 9 = S1 + S4 + SS + S2 + S3 + sa 

Process plan 10 = S1 + S6 + S2 + S3 + S7 + sa 

Process plan 11 = S1 + S6 + S2 + S7 + S3 + sa 

Process plan 12 = S1 + S6 + S7 + S2 + S3 + sa 

Now, real-time machine status needs to be considered in 

order to select the process plan which can be performed with 

the least manufacturing lead time. 

In this thesis, the decision-making module mainly 

concerns the creation of process plans and providing the 

information to scheduling systems. The details of scheduling 

activities are beyond the scope of the decision-making model. 

An example is illustrated in the following to show how a 

scheduling system can use the information provided by the 

decision-making module. 

Assume there are three process plans to manufacture part 

Q. The process plans are: 

P1 = S1 + S2 + S3 

P 2 = sl + s3 + s2 

p3 = s4 + Ss. 
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Table 4. 5 shows the machines that can perform the setups. 

Table 4.6 shows the machining time for each machine. Table 4.7 

shows the real-time machine status. 

Table 4.5. Machine candidates for 
setups. 

I setup I machines 

sl rnl 

s2 rn2 m3 

s3 m4 Ins m6 

s4 m7 

Ss me ffig 

Table 4.6. Machining 
time. 

I 
machine 

I 
machining 

time 

ml 10 

m2 8 

m3 6 

m4 7 

Ins 8 

m6 12 

m7 15 

me 3 

ffig 5 

I 
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Table 4.7. Real-time machine 
status. 

I machine I status 

rnl ( 2' ) 

rn2 ( 0 ' 4) (12, ) 

rn3 ( 0' ) 

rn4 (17, ) 

rns (0, 3) (23' ) 

rn6 (0, 8) (14, ) 

rn7 ( 0 ' ) 

rna ( 0 ' 8) (25, ) 

ffig ( 0' 9) (22' ) 

I 

Assume the part is going to be released to shop floor at 

time 0. For each process plan, the least manufacturing lead 

time can be calculated. 

For process plan p 1 , setup s 1 can only be performed in 

machine rn1, rn1 will be available at time 2, s 1 need to be 

performed using rn1 in 10 time unit, so it will be finished at 

time 12. Then setup s 2 can be performed either using machine 

rn2 or rn3, at time 12, rn2 and rn3 are all available; if using rn2, 

it will finish at time 20 (12 + 8), while using m3 , at time 18 

(12 + 6), it will be finished; so we assign s 2 to m3 , the 

finish time is 18. Now consider setup s 3 , which can be 

performed using machines rn4, rn5 , or m6• Machines rn4 and rn6 are 

both available at time 18, while rn5 will not be available 

until time 23. So, if rn4 is used, the finish time is 25 (18 

+ 7); if rn5 is used, the finish time is 30 (23 + 7); if rn6 is 
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used, the finish time is 30 (18 + 12) . Thus we assign s 3 to 

rn4, and the manufacturing lead time is t 1 = 25. 

This procedure is represented in Table 4. 8. In the 

table, a bold letter means that machine is selected and the 

finish time is indicated using underline. 

The machine assignment and manufacturing lead time for 

process plans p 2 and p 3 are represented in Table 4.9 and Table 

4.10. 

Table 4. 8. Machine assignment and manufacturing lead time 
for process plan 1. 

setup machine assignment and finish time 

sl ml (2 + 10 = 12) 

s2 m2 (12 + 8 = 20) m3 (12 + 6 = 1..§.) 

s3 m4 (18 + 7 = 25) rns (23 + 8 = 31) m6 (18 + 12 = 30) 

Table 4. 9. Machine assignment and manufacturing lead time 
for process plan 2. 

setup machine assignment and finish time 

sl ml (2 + 10 = 12) 

s3 m4 (1 7 + 7 = 24) ms (23 + 8 = 31) rn6 ( 14 + 12 =26) 

s2 rn2 (24 + 8 = 32) m3 (24 + 6 = }Q) 

Table 4.10. Machine assignment and manufacturing lead time 
for process plan 3. 

setup machine assignment and finish time 

s4 m, (0 + 15 = 15) 

Ss rna (25 + 3 = 28) mg (22 + 5 = 27) 
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From Table 4.9 and Table 4.10, we can see that if process 

plan P2 is used, the manufacturing lead time will be 30, while 

if process plan p 3 ~s ~~' the manufacturing lead time will be 

27. 

Using process plan p 11 the manufacturing lead time is the 

least (25), so process plan p 1 is selected. Setup s 1 is 

assigned to machine m1 , machining time from time 2 to time 12. 

Setup s 2 is assigned to machine m3 , machining time from time 

12 to time 18. Setup s 3 is assigned to machine m4, machining 

time from time 18 to time 25. 

The information about the machine assignment needs to be 

updated to the Real-Time Machine Database, since it is going 

to change the real-time shop floor status. 

status must be modified as shown in Table 4.11. 

Table 4.11 Modified real-time 
machine database. 

I machine I status 

ml ( 12' ) 

m2 (0, 4) (12, ) 

m3 (0, 12) ( 18' ) 

m4 ( 17' 18) (25' ) 

ms (0, 3) (23' ) 

m6 (0, 8) ( 14' ) 

m7 (0, ) 

me ( 0' 8) (25' ) 

mg (0, 9) (22' ) 
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A computer program is written to select a process plan 

and to assign setups to machines, the machine assignments are 

also updated. The program is written in C language, and is 

shown in the Appendix. 

In this example, one can also see that ignoring the real

time shop floor status, we will select process plan p
3 

using 

machine m7 for setup s 4 and machine m8 for setup s 5 • Process 

plan p 3 has only two setups and the least machining time (15 

+ 3 = 18). But, actually, if process plan p 3 is selected, the 

manufacturing lead time will be 27 (as indicated in Table 

4.10), 2 time unit more than using process plan p 1 • 

Therefore, it is very important to consider real-time shop 

floor status when selecting process plan and assign setups to 

machines. 

4.4 Process Planning and Scheduling System 

Based on the algorithm introduced in section 4. 3, a 

computer program written in C/C++ is built to select 

theprocess plan and assign setups to machines. (For a listing 

of the program, see the Appendix.) 

The program runs in a microcomputer (IBM compatible). 

The program will allow you to (1) have a look at the real-time 

machine status, and (2) select a process plan from competitive 

plans and assign setups to machines. 

The program does not present a way to add or delete a 

machine for users because it is a decision-maker, its task is 
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to process plan selection and scheduling. A real-time machine 

database is maintained by the Production Scheduling Module. 

To select a process plan and make a schedule, the 

computer will first ask the number of process plans and the 

number of setups involved in these process plans. Then, the 

content of each process plan (i.e., the setups within the 

process plan) need to be entered. After that, the machines 

(and machining time) that can perform each setup must be 

entered. Finally, the time that the part is going to be 

manufactured is entered. 

After acquiring all of the information, the system will 

give a process plan that has the least manufacturing lead time 

and assign the setups within that plan to machines. 

The input data are all integer numbers; the system does 

not accept non-integer input. If you do something obviously 

wrong, the system will warn you and let you input a data 

again. For example, if the number of setups is 5, you enter 

setup 6 for a process plan, the system will beep and erase the 

"6," and let you input another data. 

The following are the input data and output results for 

the example given in section 4.3. 
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Process Plan Selection and Scheduling 

Real-Time Machine Status 

ml (2, ) 
m2 ( 0, 4) 
m3 ( 0, ) 
m4 ( 17, ) 
m5 ( 0, 3) 
m6 (0, 8) 
m7 ( 0, ) 
m8 ( 0, 8) 
m9 (0, 9) 

( 12' ) 

(23' 
( 14' 

(25' 
(22' 

Hit any key to continue 

Process Plan Selection and Scheduling 

Enter the number of process plan: 3 

want to make change (Y/N)? 

Figure 4.2. Input data and output results. 
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Process Plan Selection and Scheduling 

Enter the number of setups: 5 

want to make change(Y/N)? 

Process Plan Selection and Scheduling 

Setups for process plans 

process plan 1 = Sl + S2 + S3 
process plan 2 = Sl + S3 + S2 
process plan 3 = S4 + S5 

want to make change (Y/N)? 

Figure 4.2. Continued. 
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Process Planning and Scheduling 

Machines (and machining time) for setups 

Setup1 = m1 ( 10) 
Setup2 = m2 ( 8) or m3 ( 6) 
Setup3 = m4 (7) or mS ( 8) or m6 (12) 
Setup4 = m7 ( 15) 
SetupS = m8 ( 3) or m9 (5) 

want to make change (Y/N)? 

Process Plan Selection and Scheduling 

Enter the time that the part is go1ng to be manufactured: 0 

want to make change (Y/N)? 

Figure 4.2. Continued. 
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Process Plan Selection and Scheduling 

The selected process plan ~s p1 

machine m1 is selected to perform setup s1, time: 2 - 12 
machine m3 is selected to perform setup s2, time: 12 18 
machine m4 is selected to perform setup s3, time: 18 - 25 

Hit any key to continue 

Process Plan Selection and Scheduling 

Real-Time Machine Status 

m1 (12, ) 
m2 ( 0, 4) (12, ) 

m3 ( 0 , 12) ( 18, ) 

m4 ( 17, 18) (25, ) 

m5 (0, 3) (23, 
m6 ( 0, 8) (14, 
m7 (0, ) 
m8 ( 0, 8) (25, 
m9 ( 0, 9) (22, 

Hit any key to continue 

Figure 4.2 Continued. 
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CHAPTER 5 

CONCLUSION 

Process planning is a very broad subject which involves 

a wide variety of activities within a production environment. 

The goals of a computer-based planning system are to automate 

individual functions and to integrate those functions into a 

unified environment. The integration must occur not only 

among various planning functions, but also across design and 

manufacturing activities. 

The reasons for the integration of process planning are: 

1. improved efficiency in the information flow, 

2. improved quality of the process planning, 

3. reduction of human error, 

4. functional integration of process planning and 

scheduling, enabling a quick search for alternative solutions 

for optimization in the use of equipment and production 

control, and 

5. flexible use of the different functions. 

In this thesis, a model was built which attempted to 

truly integrate process planning and production scheduling. 

The decision-making procedure is discussed in detail. 

5.1 Contributions of the Research 

1. Functions of process planning 

scheduling are carefully studied, and the 
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importance of 



integration between the two function is 

studying different integration approaches, 

discussed. By 

the differences 

between interfacing and integration are discussed. Truly 

integration must focus on the integration at the task level 

instead of interfacing their result. The objective is to make 

the two functions as a whole. 

2. Separate process planning into two stages, pre-process 

planning and final process planning. In the pre-process 

planning stage, job requirements of a part are analyzed, 

available shop floor resources are taken into consideration, 

and alternative process plans are generated. In this stage, 

the process planning function generates all the process plans 

that can be performed in the shop floor, instead of generating 

a unique process plan. In the final process planning stage, 

real-time shop floor status is considered, a most suitable 

process plan is selected. 

can always satisfy the 

environment. 

Using this model, process planning 

need of a dynamic manufacturing 

3. Develop a method which uses a relational database to 

represent the geometric relationship among the features of a 

part. This method is very convenient to be used in a computer 

system. 

4. Indicate that the formation of setups not only depends 

on feature processes, but also depends on their geometric 

relationships. This assures that the setups created are 

reasonable and can actually be performed in shop floor. 
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5. A method is developed to represent alternative process 

plans of a part. It is also very convenient to be used in a 

computer system. 

6. The influence of different sequences of setups to 

manufacturing lead time is discussed. A computer system is 

built to select a process plan and make a schedule. 

5.2 Shortages of the Model 

1. The problem of interpretation of CAD data is still not 

been solved. In order to achieve truly automation, a standard 

for product data representation is needed. The standard 

(PDES/STEP) currently developed by the National Institute of 

Standards and Technology (NIST) seems a pretty good one, and 

should be considered in the future development of the model. 

2. The problem of fixtures and cutting tools design has 

not been discussed. Sometimes, special fixtures and/or 

cutting tools are needed when manufacturing some parts. 

Sometimes, use of a special fixture can make the machining of 

parts more easy. These situations always exist in an actual 

manufacturing environment and should be considered in future 

developments. 

3. When considering available shop-floor resources, we 

only focus on the existing resources. A desirable system must 

have the function to inform the Manufacturing Resource 

Planning (MRP II) system the resources needed after examining 

the job requirements of parts. 
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4. In the model, selection of process plan and scheduling 

~s done by considering only one part at a time. Sometimes, 

several parts are needed to be scheduled at the same time. A 

method needs to be developed to schedule multiple parts at the 

same time to achieve global optimization. 

5.3 Suggestions for Future Research 

It is only logical to expect that manufacturing planning, 

which is aimed at integrating design and manufacturing, should 

be itself integrated. Intelligent and integrated planning 

will be the paradigm for Computer Integrated Manufacturing 

(CIM) in the future, and a critical driving force in the 

evolution of industry from the current information-intensive 

stage to a knowledge-intensive stage in the future. 

The implementation of the integrated system must be based 

on: 

1. a uniform product description based on proper 

features, 

2. the use of different modules for different functions, 

3. the use of a uniform user interface for every module, 

4. the use of a uniform database interface for every 

module, and 

5. the possibility of facilitating user interaction at 

the request of operator. 

Process 

integration, 

planning 

automation 

systems, in order 

and flexibility 
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process planning, should: 

1. use features as a technological and communication 

interface between design and process planning; 

2. be able to automatically extract all product data; 

3. use a supervisory control system to ensure user

friendliness and flexibility in use; 

4. integrally support all planning tasks, including 

capacity planning, manufacturing resource planning, and 

scheduling, etc.; 

5. make decision based on optimization techniques by 

considering the objectives of different manufacturing 

functions simultaneously; 

6. extract planning knowledge from manufacturing data and 

shop-floor information; and 

7. learn planning knowledge from feedback of previous 

plans. 

Integrated planning is knowledge-intensive in nature. 

Traditional computer-based methods are unable to deal with the 

challenges of integrated planning because they are good at 

processing data for information-intensive tasks. Rather than 

simply processing information and data, Artificial 

Intelligence (AI) based techniques are designed for capturing, 

representing, organizing, and utilizing knowledge on 

computers, and hence will be the key technology for 

intelligent and integrated planning in the future. 

Most of the applications of artificial intelligence have 
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been 1n expert systems. Expert systems are programs that 

contain and utilize knowledge about a particular domain. The 

expert systems' knowledge is composed of rules, heuristics, 

rules-of-thumb, and algorithms, similar to the rules an expert 

uses in his/her reasoning. Expert systems are currently used 

in a wide variety of domains, including diagnosis, planning, 

and configuration. There are, currently, thousands of 

reported expert systems operating in an increasing number of 

organizations (Jain and Chaturvedi, 1989) . 

The traditional approach to knowledge extraction for 

building and maintaining expert systems is to use domain 

expert(s). The expert has to explain explicitly how he/she 

reaches the right decisions under the many circumstances that 

may arise. During the early eighties it became evident that 

such explicit knowledge extraction (sometimes called knowledge 

acquisition) is inherently slow and expensive even in domains 

of moderate complexity. 

It is known that it is easier for a good expert to make 

the right decision than to explain exactly how the decision 

has been made. The main reasons for this difficulty stern from 

the fact that human knowledge is frequently unstructured, ill

defined, and hard to express. Also, many good decisions are 

made based upon intuition. The more complicated the domain 

the harder it is to acquire the knowledge required for making 

it into a successful expert system. 

107 



To make an expert system truly "intelligent," it must 

have the ability to accumulate, handle, and utilize knowledge. 

The evolution of artificial neural network technology provides 

a whole new way to acquire knowledge. Artificial neural 

networks can be defined as "physical cellular networks that 

are able to acquire, store, and utilize experiential 

knowledge" (Zurade, 1992) . 

Pao and Sobajic (1991, p.185) indicated that: 

"In traditional Artificial Intelligence and in 
knowledge engineering so far, we have become inured to the 
knowledge representation hypothesis. The idea is that 
knowledge is represented symbolically in some expressions or 
data structures and that these representations are 
subsequently manipulated or processed to produce useful 
results which are logical results of existing representations. 

As we begin to know more about neural networks and 
neural-net computing, we begin to suspect that the situation 
is quite different in this new circumstance. We propose, 
instead, that in neural-net computing, the processing is the 
representation. In other words, the very nature of the 
processing encodes the knowledge. There is no place and no 
need for a separate body of global rules to be used by the 
network for inferencing. If rules exist at all, they are in 
the nature of local processing steps carried out at individual 
processors in response to stimuli from other neurons." 

Neural networks can acquire knowledge without extracting 

IF-THEN rules from a human expert provided that the number of 

training vector pairs is sufficient to suitably form all 

decision regions. Thus, neural networks are able to ease the 

bottlenecks of knowledge acquisition that hampers the creation 

and development of conventional expert systems. 
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I* program for process plan selection and scheduling *I 

I* Notation: 
RTMS [] [] : 
SP [] [] 
MS [] [] 
MTSM [] [] : 

Real-Time Machine Status 
Setups for process Plan 
Machine for Setup 
Machining Time for Setup to be Machined *I 

I* program begin *I 

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

I* example data *I 

static int P = 3, T = 0, S = 5, M = 9, PP = 3, SS = 5; 
static int RTMS[30] [40] = { 

{ -5}' 
{-5, 2, -1}, 
{-5, 0, 4, 12, -1}, 
{-5, 0, -1}, 
{-5, 17, -1}, 
{-5, 0, 3, 23, -1}, 
{-5, 0, 8, 14, -1}, 
{-5, 0, -1}, 
{-5, 0, 8, 25, -1}, 
{-5, 0, 9, 22, -1} 

} ; 
static int SP[100] [20] = { 

{-5}, 
{-5, 1, 2, 3, 0}, 
{-5, 1, 3, 2, 0}' 
{-5, 4, 5, 0}, 
{-5, -5} 

} ; 
static int MS[100] [20] = { 

{ -5}' 
{-5, 1, 0}, 
{-5, 2, 3, 0}, 
{-5, 4, 5, 6, 0}, 
{-5, 7, 0}, 
{-5, 8, 9, 0}, 
{-5, -5} 

} ; 
static int MTSM[100] [30] = { 

{ -5}' 
{-5, 10}, 
{-5, -5, 8, 6}' 
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I* clear working 

void reset (void) 
{ 

{-5, -5, 
{-5, -5, 
{-5, -5, 

} ; 

window *I 

window(1, 2, 80, 21); 
textbackground(O); //black 
clrscr(); 

} 

/* clear notation window */ 

void clean(void) 
{ 

} 

int temp; 

window(1, 22, 80, 25); 
textbackground(3); //cyan 
clrscr(); 

/* scan input */ 

int scan(int max) 
{ 
int value, temp; 

textbackground(O); //black 
do { 

temp = getch () ; 
} 

-5, -5, 
-5, -5, 
-5, -5, 

while ((temp < 48) I I (temp > 57)); 
temp = temp - 48; 
cprintf ("%d", temp); 
value = temp; 
if (value == 0) 

{ 
return value; 

} 
L: do { 

temp = getch (); 
} 

7, 
-5, 
-5, 

while ( ( (temp<4 8) I I 
(temp ! = 8 ) ) ; 

(temp>57)) 

if (temp == 8) 
{ 
if (value -- 0) 

{ 

115 

8, 12}' 
-5, -5, 15}, 
-5, -5, -5, 3, 5} 

&& (temp! =13) && 



} 

} 

goto L; 
} 

value = value/10; 
gotoxy(wherex()-1, wherey()); 
printf (" ") ; 
gotoxy(wherex()-1, wherey()); 
goto L; 

if (temp == 13) 
{ 
return value; 

} 
if (value >= max/10) 

{ 
goto L; 

} 
temp = temp - 48; 
cprintf ("%d", temp); 
value = value * 10 + temp; 
goto L; 

I* title */ 

void display(void) 
{ 
int temp; 

window ( 1, 1, 8 0, 25) ; 
textbackground(3); //cyan 
clrscr(); 
textcolor(14); //yellow 
gotoxy (23,1); 
cprintf ("Process Plan Selection and Scheduling"); 
window(20, 10, 60, 20); 
textbackground(7); //lightgray 
textcolor(13); //lightmagenta 
cprintf (" By "); 
cprintf (" "); 
cprintf (" Hongdao Huang "); 
cprintf (" ") ; 
cprintf (" Department of Industrial Engineering "); 
cprintf (" "); 
cprintf (" Texas Tech University "); 
cprintf (" "); 
cprintf (" Oct. 1992 ") ; 
window (1, 25, 80, 25); 
textbackground(5); //magenta 
textcolor(128); //blink 
gotoxy (28,1); 
cprintf ("Hit any key to continue"); 
gotoxy (28,1); 
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} 

getch (); 
window(1, 2, 80, 25}; 
clrscr(}; 
clean(}; 
reset(); 

/* options */ 

int options(void} 
{ 
int t, temp[114]; 

temp[49] = 1; 
temp[SO] = 2; 
temp[51] = 3; 
temp[68] = 1; 
temp[80] = 2; 
temp [ 81 ] = 3 ; 
temp[100] = 1; 
temp[112] = 2; 
temp[113] = 3; 
clean(}; 
textcolor(14}; //yellow 
gotoxy ( 1, 1} ; 
cprintf (" isplay Real Time Machine Status"}; 
gotoxy(1, 2}; 
cprintf (" recess Plan Selection"}; 
got oxy ( 1 , 3} ; 
cprintf (" uit"}; 
textcolor(4}; //red 
gotoxy ( 1, 1} ; 
cprintf ("1. D"}; 
gotoxy (1, 2}; 
cprintf ("2. P"}; 
gotoxy (1, 3}; 
cprintf ("3. Q"}; 
gotoxy (1, 1}; 
do { 

t = getch (}; 
} 

while ((t!=49} && (t!=SO} && (t!=51} && (t!=68} && (t!=80} && 
(t!=81) && 

(t!=100) && (t!=112} && (t!=113}}; 
clean(}; 
return temp[t]; 

} 

/* display real time machine database */ 

void data_base(void} 
{ 
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} 

int m 1 ' ; 

clean (); 
textcolor(128); //blink 
gotoxy (26, 1); 
cprintf ("Hit any key to continue"); 
reset(); 
textbackground(7); //lightgray 
clrscr(); 
window (20, 4, 80, 20); 
textcolor (13); //lightmagenta 
gotoxy ( 1, 1) ; 
cprintf ("Real-Time Machine Status"); 
gotoxy ( 1, 3) ; 
for (m = 1; m <= M; ++m) 

{ 

} 

textcolor (2); //green 
cprintf ("m%d ", m); 
textcolor (5); //magenta 
1 = 1; 
while (RTMS[m] [1+1] != -1) 

{ 

} 

cprintf (" ( %d, %d) ", RTMS [m] [ 1] , RTMS [m] [ 1+1]) ; 
1 = 1 + 2; 

cprintf ("(%d, )\r\n", RTMS[m][l]); 

window (1, 22, 80, 25); 
gotoxy (26, 1); 
getch (); 
clean(); 
reset(); 

I* get number of process plans */ 

void get_num_P(int G_P) 
{ 
int G_temp, G_test; 

clean(); 
textcolor (128); //blink 
got oxy ( 2 6, 1) ; 
cprintf ("want to make change (Y/N)?"); 
reset() ; 
gotoxy ( 10, 10) ; 
textcolor (15); //white 
cprintf ("Enter the number of process plans: "); 
textcolor (2); //green 
cprintf ("%d", G_P); 
L: G temp= getch(); 

if ( ( G _temp ! = 121 ) & & ( G _temp ! = 11 0 ) & & ( G _temp ! = 8 0 ) & & 
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} 

( G _temp ! = 7 8 ) ) 
{ 
goto L; 

} 
clean (); 
window(1, 2, 80, 21); 
if ( (G temp == 121) I I 

{ -
gotoxy (45, 10); 

(G temp 

printf(" "); 
LL: gotoxy (45, 10); 

G test= scan(100); 
if- (G_test == 0) 

{ 

} 

sound(540); 
delay(1000); 
nosound(); 
gotoxy (45, 10); 
printf(" "); 
got oxy ( 4 5, 1 0) ; 
goto LL; 

pp = P; 
P = G test; 

} -
reset() ; 

I* get number of setups */ 

void get_num_S( int G_S) 
{ 
int G_temp, G_test; 

clean(); 
textcolor (128); //blink 
gotoxy (26, 1); 

89)) 

cprintf ("want to make change (Y/N)?"); 
reset(); 
got oxy ( 1 0, 1 0) ; 
textcolor(15); //white 
cprintf ("Enter number of setups: "); 
textcolor (2); //green 
cprintf ("%d", G S); 
L: G temp= getch(); 

if ((G temp!=121) && (G_temp!=110) && (G_temp!=89) && 
(G temp! =7 8)) 

- { 
goto L; 

} 
clean () ; 
window (1, 2, 80, 21); 
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} 

if ( (G temp == 121) I 1 (G_temp -- 89)) 
{ -
gotoxy (34, 10); 
printf (" "); 
LL: gotoxy ( 34, 10) ; 

G test= scan(100); 
if- (G test == 0) 

{ -

} 

sound(540); 
delay(1000); 
nosound (); 
gotoxy (34, 10); 
printf(" "); 
got oxy ( 3 4 , 1 0) ; 
goto LL; 

SS = S; 
S = G test; 

} -
reset(); 

I* display setups */ 

void Dis_setups(int D_i) 
{ 

} 

int D counter = 1; 

textcolor(2); //green 
textbackground(O); //black 
if (SP [D i] [D counter] != 0) 

{ - -

} 

cprintf ("S%d", SP[D i] [D counter]); 
while (SP[D i] [D counter+ 1] != 0) 

{ - -
cprintf(" + S%d", SP[D_i] [D_counter+1]); 
++D counter; 

} -

I* notation */ 

void notation(void) 
{ 
clean(); 
textcolor(14); //yellow 
gotoxy (25, 1); 
cprintf("In the end of the input, type 0"); 
window ( 1, 2, 8 0, 21) ; 

} 
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I* get new setups */ 

void new setups(int N_i) 
{ 

int N_test, N counter = 1; 
int wx, wy, swx, gb, position; 

notation () ; 
textbackground(O); //black 
textcolor(2); //green 
position = N i + 3; 

it (position > 20) 
{ 
position= position- 17*((position-4)/17); 

} 
gotoxy (18, position); 
printf (" 

II ) ; 

gotoxy (18, position); 
cprintf ( "S") ; 
L: wx = wherex(); 
wy = wherey(); 
N test= scan(100); 
it (N_test == 0) 

{ 
sound(540); 
delay(1000); 
nosound(); 
gotoxy (wherex()-1,wherey()); 
printf (" ") ; 
gotoxy (wherex()-1,wherey()); 
goto L; 

} 
it (N test > S) 

{ -
sound(540); 
delay(1000); 
nosound () ; 
swx = wherex(); 
gotoxy (wx, wy); 
for (gb = 1; gb <= (swx-wx); ++gb) 

{ 

} 

printf (" "); 
} 

gotoxy (wx, wy) ; 
goto L; 

SP[N_i] [N_counter] = N test; 
++N counter; 
cprintf (" + S"); 
do { 

LD: wx = wherex(); 
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} 

wy = wherey(); 
N_test = scan(100); 
if (N test > S) 

{ -
sound(540); 
delay(1000); 
nosound(); 
swx = wherex(); 
gotoxy (wx, wy); 
for (gb = 1; gb <= (swx-wx); ++gb) 

{ 
printf (" "); 

} 
gotoxy (wx,wy); 
goto LD; 

} 
SP[N i] [N counter] = N test; 
if (SP[N i] [N counter]-!= 0) 

{ - -
cprintf (" + S"); 

} 
++N counter; 

} -
while (SP[N i] [N counter-1] != 0); 
gotoxy (wherex()~S, wherey()); 
printf (" ") ; 
clean () ; 

I* get setups for each process plan */ 

void get_setups{void) 
{ 
int i, ii, G temp, pos, cc; 
float index;-

reset(); 
textcolor(14); //yellow 
gotoxy(10, 2); 
cprintf ("Setups for process plans"); 
for (i = 1; i <= P; ++i) 

{ 
window ( 1, 2, 8 0, 21) ; 
textbackground(O); //black 
pos = i + 3; 
if (pos > 20) 

{ 
index= (pos-4)/17.0; 
cc = index + 0.99; 
if ( ( (pos-4) /17) == cc) 

{ 
window ( 1 , 4 , 8 0 , 21) ; 
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clrscr(); 
window ( 1, 2, 8 0, 21) ; 

} 
pos = pos- 17*((pos-4)/17); 

} 
gotoxy (1, pos); 
textco1or (15); //white 
printf ("process plan %d = ", i); 
if ( SP [ i] [ 1] ! = -5) 

{ 
Dis setups(i); 
clean(); 
textcolor(128); //blink 
gotoxy (26, 1); 
cprintf("want to make change (Y/N)?"); 
L: G_temp = getch(); 

~ f 
((G temp!=121)&&(G temp!=110)&&(G temp!=80)&&(G temp!=78)) - { - - -

} 

goto L; 
} 

clean(); 
if ( (G_temp == 121) 

{ 
new_setups(i); 

} 
} 
else { 

new_setups(i); 
} 

SP [i] [1] = -5; 
if (i < SS) 

{ 

I I (G_temp 

for (ii = i + 1; ii <= SS; ++ii) 
{ 

} 

SP [ii] [1] = -5; 
} 

reset(); 
} 

89)} 

/* display machines and machining time */ 

void Dis machines(int D i) 
{ 
int D counter = 1; 

textcolor(2); //green 
textbackground(O); //black 
if (MS[D_i] [D_counter] != 0) 

{ 
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cprintf ( "m%d (%d)", MS [D i] [D counter], 
MTSM[D i] [MS[D i] [D counter]]); 

} 
} 

while (MS[D i] [D counter+1] != 0) 
{ - -

} 

++D counter; 
cprintf ("or m%d (%d) ", MS[D i] [D counter], 

MTSM[D_i] [MS[D_i] [D_counter]]); 

I* get new machines and machining times */ 

void new_machines(int N_i) 
{ 
int N_test, N counter = 1; 
int wx, wy, swx, gb, position; 

notation(); 
textbackground(O); //black 
textcolor(2); //green 
position = N i + 3; 
if (position-> 20) 

{ 
position= position- 17*((position-4)/17); 

} 
gotoxy(10, position); 
printf(" 

" ) ; 
gotoxy(10, position); 
cprintf("m"); 
L: wx = wherex(); 
wy = wherey(); 
N test= scan(100); 
if (N_test == 0) 

{ 
sound(540); 
delay(1000); 
no sound() ; 
gotoxy (wherex()-1,wherey()); 
printf (" ") ; 

} 

gotoxy (wherex()-1,wherey()); 
goto L; 

if (N_test > M) 
{ 
sound(540); 
delay(1000); 
nosound (); 
swx = wherex(); 
gotoxy (wx, wy); 
for (gb = 1; gb <= (swx-wx); ++gb) 
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} 

{ 
printf (" "); 

} 
gotoxy (wx, wy) ; 
goto L; 

MS[N i] [N counter] = N test; 
cprintf <" (") ; 
LL: N test = scan(100); 
if (N-test == 0) 

{ -

} 

sound(540); 
delay(1000); 
nosound(); 
gotoxy (wherex()-1,wherey()); 
printf (" "); 
gotoxy (wherex()-1,wherey()); 
goto LL; 

MTSM[N i] [MS[N i] [N counter]] = N test; 
cprintf(") or m"); 
++N_counter; 
do { 

LD: wx = wherex(); 
wy = wherey(); 
N test= scan(100); 
if (N test > M) 

{ -
sound(540); 
delay(1000); 
nosound(); 
swx = wherex(); 
gotoxy (wx, wy); 
for (gb = 1; gb <= (swx-wx); ++gb) 

{ 
printf (" ") ; 

} 
gotoxy (wx, wy); 
goto LD; 

} 
MS[N i] [N counter] = N test; 
if (MS[N_i] [N_counter]-!= 0) 

{ 
cprintf (" ( ") ; 
LLL: N test= scan(100); 
if (N test == 0) 

{ -
sound(540); 
delay(1000); 
nosound(); 
gotoxy (wherex()-1,wherey()); 
printf (" ") ; 
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} 

} 

gotoxy (wherex()-1,wherey()); 
goto LLL; 

MTSM[N i] [MS[N i] [N counter]] = N_test; 
cprintf(") or rn"); -

} 
++N counter; 
} -

while (MS[N i] [N counter-1] != 0); 
gotoxy(wherex()-6, wherey()); 
printf (" ") ; 
clean (); 

/* get machines that can perform each setup */ 

void get_machines(void) 
{ 
int i, ii, G temp, pos, cc; 
float index; 

reset () ; 
textcolor(14); //yellow 
gotoxy ( 10, 2) ; 
cprintf ("Machines (and machining time) for setups"); 
for (i = 1; i <= S; ++i) 

{ 
window ( 1, 2, 8 0, 21) ; 
textbackground(O); //black 
textcolor(15); //white 
pos = i + 3; 
if (pos > 20) 

{ 
index= (pos-4)/17.0; 
cc =index + 0.99; 
if (((pos-4)/17) == cc) 

{ 
window ( 1, 4, 8 0, 21) ; 
clrscr(); 
window(1, 2, 80, 21); 

} 
pos = pos- 17*((pos-4)/17); 

} 
gotoxy (1, pos); 
cprintf ("Setup%d = ", i); 
i f ( MS [ i ] [ 1 ] ! = - 5 ) 

{ 
Dis machines(i); 
clean(); 
textcolor (128); I /blink 
got oxy ( 2 6, 1) ; 
cprintf ("want to make change (Y/N)?"); 
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L: ~-temp= getch(); 
~ f 

((G_temp!=121)&&(G_temp!=110)&&(G_temp!=89)&&(G temp!=78)) 

} 

} 

{ -
goto L; 

} 
clean (); 
if ((G temp== 121) I I (G_temp -- 89)) 

{ -
new machines(i); 

} -
} 

else { 
new_machines(i); 

} 

MS [ i ] [ 1 ] = - 5 ; 
if (i < SS) 

{ 

} 

for (ii = ~; ii <= SS; ++ii) 
{ 

MS [ i ] [ 1 ] = - 5 ; 
} 

/* get the time that the part is going to be manufactured */ 

void get_time(int G_T) 
{ 
int G_temp, G_test; 

clean(); 
text color ( 12 8) ; 
gotoxy (26, 1); 

//blink 

cprintf ("want to make change (Y/N)?"); 
reset() ; 
got oxy ( 5 , 1 0) ; 
textcolor (15); //white 
cprintf ("Enter the time that the part is going to be 

manufactured: "); 
textcolor (2); //green 
cprintf("%d", G T); 
L: G_temp = getch(); 

~ 

((G temp!=12l)&&(G temp!=110)&&(G ternp!=89)&&(G temp!=78)) - { - - -

goto L; 
} 

clean(); 
window (1, 2, 80, 21); 
if ( (G_temp == 121) I I (G_temp == 89)) 
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{ 
gotoxy (63, 10); 
printf(" "); 
gotoxy ( 63, 10) ; 
T = scan(10000); 

} 
reset(); 

} 

I* process plan selection and scheduling */ 

void selection(void) 
{ 
in t ml t [ 1 0 ] , mft [ 1 0 ] , MP [ 1 0 ] [ 1 0 ] ; 
int m, mt, mst, tmin, mmin, Pmin, mltmin; 
int i, j, k, 1, k prime; 
int flag, memory_x, memory_y, swap; 

get_num_P (P); 
get num S(S); 
get-setups(); 
get-machines(); 
get -time (T) ; 
reset(); 

/* calculation of manufacturing lead time for each process 
plan */ 

for (i = 1; i <= P; ++ i) 
{ 
mlt[i] = T; 
j = 1; 
while ( SP [ i] [ j] ! = 0) 

{ 
k = 1; 
while (MS [ SP [ i] [ j] ] [ k] ! = 0) 

{ 
m = MS [ SP [ i] [ j ] ] [ k] ; 
mt = MTSM[SP [i] [j]] [m]; 
flag = 0; 
1 = 0; 
mst = mlt [i]; 
while (flag != 1) 

{ 
1 = 1 + 2; 
if (RTMS[m] [1-1] > mst) 

{ 
mst = RTMS[rn] [1-1]; 

} 
if ( (RTMS [m] [1] == -1) I I ( (RTMS [m] [1] - mst) 

>= mt)) 
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} 
} 

} 

{ 
flag = 1; 

} 
} 

mft[k] = mst + mt; 
k = k + 1; 

tmin = mft [1]; 
mmin = 1; 
for (k_prime = 1; k_prime < k; ++ k_prime} 

{ 
if (tmin > mft[k_prime]} 

{ 

} 
} 

tmin = mft[k prime]; 
mmin = k_prime; 

J:.1P [ i] [ j] = MS [ SP [ i] [ j] ] [ mmin] ; 
mlt[i] = tmin; 
j = j + 1; 

I* process plan selection based on least manufacturing lead 
time */ 

Pmin = 1; 
mltmin = mlt[1]; 
for (i = 1; i <= P; ++ i} 

{ 

} 

if (mltmin > mlt[i]} 
{ 

mltmin = mlt[i]; 
Pmin = ~; 

} 

I* scheduling and print the process sheet */ 

textbackground(O}; //black 
textcolor (4}; //red 
cprintf (" \r\nThe selected process plan is p%d\r\n \r\n", 

Pmin}; 
mlt[Pmin] = T; 
j = 1; 
while (SP [Pmin] [j] != 0} 

{ 
m = J:.1P[Pmin] [j]; 
mt = MTSM[SP[Pmin] [j]] [m]; 
mst = mlt [Pmin]; 
flag = 0; 
1 = 0; 
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while (flag != 1) 
{ 
1 = 1 + 2; 
if (RTMS[m] [1-1] > mst) 

{ 
mst = RTMS[m] [1-1]; 

} 

mt)) 
if ( (RTMS [m] [1] -- -1) I I ( (RTMS [m] [1] - mst) >= 

} 

{ 
flag = 1; 
if (RTMS[m] [1-1] >= mlt[Pmin]) 

{ 

RTMS[m] [1-1] = RTMS[m] [1-1] + mt; 
} 

else { 

} 

memory y = RTMS[m] [1]; 
RTMS[mJ[l] = mst; 
memory x = mst + mt; 
if (memory y != memory_x) 

{ -
while (memory y != -1) 

{ -

} 

swap = memory x; 
memory x = RTMS[m] [1+1]; 
RTMS[mJ[l+1] =swap; 
swap = memory y; 
memory y = RTMS[m] [1+2]; 
RTMS[m][l+2] =swap; 
1 = 1 + 2; 

RTMS[m] [1+1] = memory_x; 
RTMS[m] [1+2] = memory_y; 

} 
} 

mlt[Pmin] = mst + mt; 
cprintf ("machine m%d is selected to perform setup s%d, 

time: %d- %d\r\n", 

} 

m, SP[Pmin][j], mst, mlt[Pmin]); 
j = j + 1; 

} 
clean (); 
textcolor(128); //blink 
gotoxy (26, 1); 
cprintf ("Hit any key to continue"); 
gotoxy (26, 1); 
getch (); 
clean(); 
reset(); 
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I* menu */ 

void menu(void) 
{ 

} 

int Flag; 

reset(); 
Flag= options(); 
while ( Flag != 3) 

{ 
if (Flag == 2) 

{ 

} 

} 

selection(); 

else { 
data_base (); 

} 
menu () ; 
break; 

/* main function */ 

int main (void) 

{ 
int i; 

for (i = 5; i < 100; ++i) 
{ 

SP [ i] [ 1] = -5; 
} 

for (i = 7; i < 100; ++i) 
{ 

MS [ i ] [ 1 ] = - 5 ; 
} 

textmode (3); //color, 80 columns 
display(); 

} 

menu(); 
window ( 1 , 1, 8 0, 2 5) ; 
clrscr(); 
textcolor(14); //yellow 
gotoxy (25, 12); 
cprintf ("Thank you! Bye-bye!"); 
getch () ; 
window(1, 1, 80, 25); 
textbackground(O); //black 
clrscr(); 
return 0; 
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