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SUMMARY

Process planning is the activity which determines how a product is to be
manufactured. There are several levels of process planning activity. Early
in product engineering and development, process planning is responsible for
determining the general methods of production. In the last stages of design,
part design data is transferred from engineering to manufacturing and process
planners develop the detail work package for fabricating the part.

Process planning is a major determinant of the cost of machined
components. It determines the sequence of operations and utilization of
machine tools. Cutting tools, fixtures, gages, and other accessory tools
are specified. Dimensions and tolerances are determined for each stage of
forming the workpiece. Feeds, speeds and other parameters of a metalcutting
process are determined. Requirements for special processes, such as nitriding
and plating, are determined and the production methods specified.

These activities of process planning are predominantly labor-intensive,
Furthermore, process planners have varied skills and background and seldom
will two planners produce the same process plan. Therefore, savings available
through standardization and production cost analysis of the process are often
forfeited. Industry has also observed in recent years a trend of less people
available for process planning. Process planners are retiring from the field
at a faster rate than people are being trained. This situation could endanger
a manufacturer's ability to perform.

The above situation coupled with government and industry objectives to
reduce costs or alternatively improve productivity has led to the widespread
interest in computerized process planning. After several years of research
and development activity, computer systems in process planning are beginning
to emerge. Computerized Production Process Planning (CPPP) is such a system
developed by United Technologies Research Center. The system assists process
planners in planning the production of machined cylindrical parts. Through
the use of automatic and semiautomatic means, CPPP generates a summary of
operations and the detail operation sheets required by the workshop. Opera-
tion sheets include sketches of the fully dimensioned workpiece with toler-
ances. Machine tool, cut sequences, tools, and machining parameters are
also specified.

CPPP is a first system aimed at developing an advanced technology to plan
and control the cost of machined parts. The immediate objective has been to
develop a system which will standardize the production process by automating
the planning activities. It was also an objective to develop a system that
could be used to analyze and evaluate process alternatives. Later enhancements
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to the technology could provide for optimizing the process and would address
noncy lindrical parts as well as cylindrical parts. The basic concepts of CPPP
are believed to apply in principle to all machined parts,

The program reported herein had three primary objectives:
® Describe the Computer Production Process Planning system technology.

® Demonstrate application of the technology for a cylindrical part
family approved by the Army.

® Determine the benefits of computerized process planning in general
and CFPP in particular,

CPPP Technology

Salient features of the CPPP technology are process decision modeling,
geometric modeling, production cost and rate analysis, dimension and tolerance
analysis, and man-machine communication, Process decision modeling is a
technique developed by UTRC to specify the manufacturing rationale associated
with the production of part families by a manufacturer. Process models are
input to the data base and are used by CPPP to make decisions in generating
sequences of operations. The models account for variances in part material,
geometry and special process requirements. A computer process planning lan-
puage called COPPL and a language processor were developed to support the
implementation of process models. This provides the capability to implement
CPPE in any manufacturing environment.

[n addition to process models, the manufacturer must develop a large
data base when implementing CPPP, Machine tool descriptions, types of cuts
made by machines, cutter tools, stock removal and tolerance data, and machin-
ability data are needed. Complete part design information must also be stored
in the data base. CPPP requires information equivalent to the blueprint to
generate a process plan, Material, shape, dimensions, tolerances, form con-
ditions, surface finishes and special process requirements must be specified.

CPPP does not depend totally on automatic methods of generating process
plans. An extensive man-machine interaction system can be used by process
planners to review or modify process decisions made by CPPP., Metalcutting and
nonmetalcutting operations and sequences can be defined. Also, detail opera-
tion data such as machine tools, cut sequences, tools, and feeds and speeds
can be specified.

[
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CPPP Demonstration

CPPP was developed and implemented as a demonstration system to show how
a process planner working at a graphic display terminal would develop a process
plan for a nitralloy sleeve. A process model and data base were developed
for a part family of nitralloy sleeves manufactured by the Hamilton Standard
Division of United Technologies Corporation. The family includes components
of the JFCT8 Fuel Control for the General Electric TT00 engine, which was
selected to power the Army UTTAS helicopter being developed by Sikorsky
Aircraft. The demonstration part is made from AMS6LTO bar stock and has
requirements of nitriding to produce case hardness. The part family consists
of parts with complex ID and OD geometry with cylindrical and noncylindrical
features. Part sizes are up to six inches in length and diameters up to two
inches. Surface finish requirements are very smooth and roundness, straight-
ness, and taper form conditions are tight. The part family is of a complexity
that manufactured components can require up to forty (40) operations.

The demonstration system shows that advanced computerized process planning
is technologically feasible and the CPPP system can be implemented for any
manufacturer of machined cylindrical parts. It also shows that CPPP reduces
process planning labor and lead time, provides benefits of process plan stan-
dardization, and can be used to evaluate process alternatives. Also, it shows
that process planners can effectively communicate with the computer to perform
a variety of process planning activities.,

Benefit Analysis

A benefit analysis of computerized process planning systems and CPPP,
in particular, was performed. The analysis involved three steps. First, the
benefits of computerized process planning to a broad spectrum of metalcutting
industry were analyzed. Three different computer system capabilities were
considered. An industry survey was used to collect data and sample opinion
relevant to the benefits of each capability. The second step was a case study
to estimate the benefits of the demonstrated CPPP system to the Hamilton
Standard Division of United Technologies Corporation. Finally, the benefits
of CPPP to defense industry were studied and the results used to estimate
procurement cost savings by defense agencies. The impact on future procurement
costs for missiles and other defense materials was estimated. As in the first
step, a survey was used to develop expected benefits to defense industry.

The analyses show that computerized process planning offers substantial
cost savings to industry and that defense agencies would benefit through
reduced procurement costs., Cost savings in producing machined components will
occur in process planning, workshop operations and tool costs., In addition,
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there will be intangible benefits in lead time, machine utilization, production
scheduling, and other areas. Net cost reductions of over 5% are expected from
advanced process planning systems. A discounted cash flow analysis of the CPPP
system yielded potential savings of $860 million in defense procurement for the
period FY78 through FY87. If use of the system by 15% of defense industry is
assumed, this translates into savings of $130 million.
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PREFACE

The work reported herein was performed for the U. S. Army Missile
Research and Development Command, Redstone Arsenal, Alabama, under Contract |
DAAKLO~76-C~1104. The Missile Research and Development Command's technical :
representative was Richard A. Kotler. United Technologies Research Center '
(UTRC), East Hartford, Connecticut, was the prime contractor. IIT Research
Institute (IITRI), Chicago, Illinois and the Hamilton Standard Division,
United Technologies Corporation, Windsor Locks, Connecticut were subcontractors. !

UTRC, the prime contractor, developed the description and demonstration of
the CPPP system. In addition, UTRC provided data and estimates relevant to
benefit analysis and participated in the case study of benefits reported in
Section 3.2. Wilbur S. Mann, Chief, Computer Science Research, was Program
Manager. The Principal Investigator was Mark S. Dunn, Jr.

IITRI performed the major portion of the benefit analyses presented in
Sections 3.1 and 3.3. Hsien-Hwei Hunger Shu and John D. Meyer were IITRI's
Principal Investigators.

Hamilton Standard provided data for the benefit analyses and the data
base for the CPPP demonstration. Norman J. Ruel was Principal Investigator.

An Interim Report was submitted in November 1976. The large quantity of
data and analyses given in Volumes II, III, and IV of the Interim Report are
not reproduced here. Instead, a summary is included and those volumes are
incorporated by reference into the Final Report.
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1.0 INTRODUCTION

Process planning is the first step in manufacturing. The activity has a
major effect on the cost of fabricating goods in the mctalcutting industry.
It affects production planning, machine utilization, tooling requirements,
machining efficiency and other determinants of cost. A large portion of the
widespread interest in Computer-Aided Manufacturing has, therefore, been
focused on computerized production process planning (CPPP). After a decade
of research and development activity, operational CPPP systems are beginning
to emerge.

The program discussed in this report had three objectives.

1. Describe the CPPP system technology.

n

Demonstrate application of the technology.

3. Determine benefits of computerized process planning in general and
the demonstration system in particular.

The introductory discussion below provides general background material and

identifies the objectives that have guided UTRC's approach to a CPPP technol-
ogy. The method of approach to benefit analysis is also presented.

1.1 General Background

Interest in programming computers to generate process plans for manufac-
turing parts is world wide and involves private industry, universities, and

governments. In recent years the interest has intensified due to an increasing

awvareness of what computers can do for labor-intensive methods of process
planning and manufacturing in general. Process planning procedures that
depend exclusively on skilled or trained production labor are vulnerable to
delays, errors, and higher-than-necessary production costs. Dependence on
such methods often precludes a thorough analysis and optimization of the
process plan and nearly always results in the nonstandardization of processes.

Unfortunately, the complexity of machined parts process planning has
resulted in computerized process planning remaining in the conceptual stage
for some time. The benefits are anticipated, but the path to follow has been
unclear. UTRC presents its CPPP technology as one possible path and hopes in
doing so to be making a significant start toward Automated Process Planning.

There have been several notable projects in computerized process planning
since the late 1960's. Much of the early work originated in Sweden, Norway,
and Germany. In general, these systems, such as SINTEF's AUTOPROS and systems

HETESPOP PPN
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developed by Aachen University, contributed significantly to the present level
of understanding, but proved to be too limited in scope. Other projects like
EXAPT and GETURN were also of interest, but they primarily provided detailing
of numerical control operations after much of the required process planning
was finished. In the United States, much of the current work is directed
toward the development of data processing systems capable of storing and
retrieving process plans by coded methods. Although these systems offer
benefits of standardization, they do not address the problems of generating
process plans or economic analysis of the process.

In general, the technology of computer process planning can be charac-
terized by differentiating between the basic technical approaches that have
been advocated. The highest level of differentiation divides the technology
into the "variants" and "generative" principles. The first is based on
storing standard process plans in the computer for specified families of parts.
Using a part classification coding technique, process plans can be retrieved
and varied for a new part. This approach partially automates the conventional
procedure of using an existing process plan to produce a new plan. The concept
is based on similarity of fabricated components. The CAPP system being developed
by CAM-I is a system based on the variants principle.

The generative approach is more complex because the computer must be capa-
ble of making process decisions. The idea is to provide enough intelligence
about metalworking to allow the computer to generate a sequence of operations
and detailed operation plans. This kind of system requires detailed input
about the part design. From this input, the generative system determines the
sequence of stock removal operations; selects machine tools, cutting sequences
and cutter tools; and determines machining parameters of feed, speed and depth
of cut. Additionally, generative systems provide some optimization of the
process plan by basing decisions on the analysis of production cost and/or rate.

A basic problem in developing generative systems is the formulation and
programming of manufacturing rationale and data reflecting sound metal-
working principles. This has led to two basic technical approaches. One
school of thought advocates a "backward planning" technique whereby the com-
puter looks at the finished part specification and works backward, determining
for each surface requirements for finishing, semifinishing and roughing opera-
tions. The second school of thought advocates a "foreward planning" technique
whereby the computer begins with a finished part and raw material description
and works forward producing roughing and semifinishing operations before finish-
ing operations. Both of these approaches have certain advantages.

S P —
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1.2 CPPP Technology Objectives

UTRC initiated its research of computerized process planning technology
in 1973 with several objectives. First, the computer system developed must be
adaptable to any manufacturer of machined parts. This meant that the system
should generate process plans based on the manufacturing methods of a particu-
lar workshop. Thus, a method had to be developed to formulate and input to the
computer system the rationale for making process decisions in accordance with a
manufacturer's resources.

The purely generative approach to computerized process planning appeared
to be a capability that would not be developed for many years. The major
obstacle is the difficulty to capture and organize every bit of manufacturing
logic that might ever apply. Therefore, the best plan of attack was to evolve
the technology toward the goal of a generative system. Thus, UTRC's plan was
to include characteristics of both the variants and generative systems. Manu-
facturers would be required to formulate "models" of manufacturing rationale
to produce a sequence of operations. Each model would be for a family of
parts. A model would allow CPPP to automatically determine the set of opera-
tions needed to fabricate a particular part and determine the part surfaces
involved in each operation.

Although this approach was not considered trivial, it appeared to be
naturally aligned with the process planner's way of thinking about his work.
It also would allow each workshop to specify its own way of doing business. A
manufacturer would be able to define standard sets of operations augmented by
the rationale that specifies when an operation is required. This approach
could also be used to develop highly sophisticated models of manufacturing
rationale covering a large variance of part material, geometry and processes.
The actual process plan would be determined solely by the design specifications
of a part.

UTRC also believed that a CPPP system should be capable of generating
alternative solutions to a process problem and then pick the best. This is
based on the fact that there is not a unique solution to how a part can be
fabricated. The sequence of operations, machine tools, cut sequences, type of
cutting tools, and machining parameters can all vary. It was decided that a
detail analysis of production time and cost would provide the numerical cri-
terion for selecting the best process.

UTRC also believed it important that full part design information be
available to the system. This would make it possible to base decisions on pre-
cise part characteristics, rather than on codings of general part features. It
would also allow for full analysis of dimensions and tolerances and the genera-
tion of workpiece sketches with operation sheets.

e

T ——




- ——————— A T

R77-942625-14

UTRC also felt strongly that totally deterministic systems would not be
developed for a long time. There would always be situations.where manufac-
turing would want to influence or change computer decisions or provide data
that is missing in the system. Therefore, an extensive man-machine interaction
capability had to be developed.

Based on the above beliefs, UTRC's chosen approach to CPPP centered around
the following specific technological problems:

1. Define an Analytical Framework for Generating Process Plans - The
generation of a process plan for fabricating a machined part requires that a
large multidimensional problem be solved. Processes, machines, cutting sequen-
ces, tools and machining parameters must be chosen to minimize production cost
and/or rate. The situation exists where alternative solutions must be examined
and evaluated before a "best" solution can be determined.

2. Model Munufﬁcturing Rationale to Create the Sequence of Operations -
A standard method of modeling manufacturing rationale for making process de-
cisions in a computer must be developed. The method should provide the
capability to determine requirements for metalcutting and special processes
(heat treatment, plating, etc.) needed to transform a raw material to a finished

part.

3. Select Machine Tools - A method of selecting machine tools for metal-
cutting operations must be formulated and integrated into the overall analy-
tical framework for generating process plans.

W, Select Cut Sequences and Cutter Tools - A method of selecting cutting
sequences and tools for an operation must be formulated and integrated into
the overall analytical framework for generating process plans. Theoretically,
several cutter tools may qualify for each cut in an operation. Therefore, a
method of solution must be developed that identifies the type of cuts in an
operation and then determines the best tools from a set of alternatives.

5. Select Feeds, Speeds and Depth of Cut = A method of determining the
feed, speed and depth of cut for a given cutting situation must be formulated
and integrated into the overall analytical framework for generating process
plans. The method should include table look-up and mathematical models.

0. Calculate Dimensions and Tolerances = To generate a detailed process

plan for a machined part, the computer system will be required to calculate
the dimensions associated with every cut in the process. Therefore, a general
method of calculating dimensions and tolerances must be formulated and inte=-
grated into the overall analytical framework for generating process plans.
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7. Produce Process Plan Documents - The system must be capable of pro- ]
ducing operation summary data (sequence of operations) and detailed operation [
data identifying specific cut sequences, tools, machining data, dimensions and
tolerances. It should also generate dimensioned views of the workpiece for
different operations. i j

8. Provide Description of Part Design - Data describing the part design
must provide the equivalent information content of the blueprint. Therefore,
a2 method must be developed to model the part geometry and its physical attri-
butes.

9. Provide Man-Machine Communication Interface - A standard method of
allowing a process planner to interact with the computerized process planning
system should be developed. The communication interface design must be easy
to use, be flexible and provide the planner with the maximum opportunity to
interact with all decision-making and analysis functions.

10. Determine Time[@ost Standards - Advanced planning systems will be
developed to make many decisions based on the analysis of production costs and
rates. Thus, a method is needed to calculate time/cost standards based on
normal industrial engineering practice.

1.3 Method of Approach to Benefit Analysis

There is widespread feeling in industry, government, and research
institutions that computerized process planning offers large cost savings.
To date, however, there has been no significant effort to quantify these
benefits. A major objective of the subject program was to develop an
economic analysis of computerized process planning.

Benefit analysis was approached as three tasks:

1. Analysis of benefits of computerized process planning for a broad
! spectrum of industry.

2. A case study analyzing benefits of the demonstration CPPP system
for the Hamilton Standard Division of United Technologies Corpora-
tion.

3. Analysis of benefits of the demonstration CPPP to industry supplying
Army missile components and other defense items. Extension of that
! analysis to estimate cost savings to government agencies.
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To estimate benefits for a broad spectrum of industry, a survey was sent
to a large variety of manufacturers. The survey requested data on machining
operations and costs. It described three process planning systems and asked
for estimated costs and savings for each. The responses to the survey were
used to define analysis cases and to set input parameters for a discounted
cash rlow analysis of each case for each system.

Having participated in CPPP development since 1974, Hamilton Standard has
developed the manufacturing data and familiarity with CPPP needed for benefit
analysis. In analyzing savings and costs for Hamilton Standard, CPPP's
capabilities were evaluated with respect to manufacturing costs for process
planning labor, machining labor, and consumable tooling. Implementation
costs and recurring costs due to CPPP were estimated. The analysis was
performed for two CPFPP capabilities -- the basic system described in this
report and a more advanced capability to be developed in the future,

In the third task, a survey was mailed to a large number of companies
supplying machined parts to the Department of Defense. The survey described
CPPP's capabilities and requested estimates of costs and savings. Again,
survey results were used to determine inputs for a discounted cash flow an-
alysis for several parametrically-defined cases. Using procurement estimates,
the benefits to individual companies were then translated into projected
savings for the Missile Command, the Army, and the Department of Defense.

The preliminary nature of the benefit analysis reported herein must be
emphasized. Two of the three analysis tasks depend on survey responses. The
number of responses was not sufficient for statistical validity. The respon-
dents'familiarity with the technology was uncertain. It was not feasible to
perform the group communication and iteration needed to reach consensus. The
Hamilton Standard analysis is dependent on local manufacturing paramcters.
While the analysis would yield similar results for some other companies,
greatly different results would be obtained for others. Finally, it should
be noted that the judgment of the contract team was necessarily applied in
each of the analyses.

Despite the observations above, the work reported here is felt to be an
important advance in the economic assessment of CPPP. The surveys yielded
the first known compilation of industry opinion on benefits. The analyses are
valuable as a preliminary quantification of CPPP benefits and also exhibit a
methodology for future analysis.

Volumes II, IIl and IV of the Interim Report present the benefit analysis
for general industry. Data and calculations are given in detail. The contents
of these volumes are summarized, but not reported in detail, in this final
Report. All data and calculations for the Hamilton Standard study and the
Department of Defense benefit analysis are presented herein.
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2.0 CPPP TECHNOLOGY

Computerized Production Process Planning (CPPP) is a system to assist
process planners in planning the fabrication of machined cylindrical parts.
This would include parts with cylindrical features for which turning, drilling,
grinding, honing or lapping operations are required. The system also provides
assistance in planning cylindrical parts with requirements to machine non-
cylindrical features such as flats, windows, slots and lugs. Requirements for
milling operations, or others such as EDM, would be identified and their
operations included in the summary of operations. Unlike the detail planning
technology available for cylindrical features, however, CPPP will not plan
operation details for non-cylindrical features. CPPP can also identify re-~
quirements for non-metalcutting operations such as deburring, stress relief,
heat treatment, nitriding, inspection and others.

The selection of machine tools, cut sequences, cutting tools, feeds,
speeds, and cutting depths i$ a complex problem. CPPP attacks the problem
by evaluating alternative combinations for each operation and then selects the
best based on production cost or rate. The demonstration system has the
analytical framework for doing the required analysis. Modules are included
for each problem area.

A salient characteristic of CPPP is its adaptability to different manu-
facturing environments engaged in metal removal, This has been achieved
through the unique method of "process decision modeling". Tris method allows
a manufacturer to define and program the process rationale for fabricating
parts of certain design characteristics. The process models are added to
the CPPP system through the data base. This procedure results in extending
the basic CPPP system with the workshop-dependent methods of the manufac-
turing firm. Figure 1 illustrates the concept.

DATA BASE
PR(OCESS MoieLs BASIC CPPP
WORKSHOP >
DEPENDENT) SESIE
[ (WORKSHOP-
OTHER INDEPENDENT)
WORK SHOP
DATA

FIGURE 1 . CPPP IMPLEMENTATION CONCEPT
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When activated by CPPP, a process model would make decisions of what,
when, and how (type of operation) part surfaces are cut. In addition, the
model would determine requirements for non-metalcutting operations. This
results in fully describing the transformation of a raw material to the
finished part.

Implied in the above is a second salient characteristic of CPPP ~- the
use of geometric modeling and full design information. Process models are
dependent on interpreting the design and special process specifications of
& part. DBased on this data, requirements for rough, semifinish and finish
operations and special processes are determined for each part surface.

A third characteristic of CPFPP is the extensive man-machine communication

capability. The process planner, using a graphic display terminal, can choose
among many levels of involvement in CPPP processing. He can choose to review
and perhaps modify every CFPP decision, he can opt for fully asutomatic planning,
or he can select some intermediate level of operation, This capability elimi-
nates the sole reliance on process models for producing process plans.

Although the CPPF system has been developed for machined cylindrical parts,
the concepts apply in principle to all machined parts,

The first section below provides an overview of the CPPP system. The
software components, the process planning functions, and the hardware are
discussed. Data base requirements and input and output are included in the
discussion of software components. Following the overview, subsequent sections
discuss the technical concepts associated with planning a sequence of operations,
planning operation details, calculating dimensions and tolerances, and man-
machine communications.

2.1 System QOverview

2.1.1 Software Components

CPPP is an integrated system of software modules. A high-level diasgram
of the system is shown in Figure 2. There are seven principal components,
each of which is discussed below:

e The Data Input System

e The Language Processor System

¢ The Data Base

® The Process Decision and Analysis System
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e The Vocabulary and Cut Application System
e The Interactive Display System
e The Process Plan Output System

The data input and language processor systems provide a manufacturer with
the means to build the large data base required by CPPP. A detail description
of the data base is provided in Appendix C. The data base must be developed
to contain descriptions of the workshop's machine and tool resources, stock
removal allowances for cutting materials, tolerance information with respect
to cutting situations, machinatility information and process decision models.
To use CPPP, it .is also required that process planners first enter the part
design into the data base.

CPPP requires part design data equivalent to the information content of
a blueprint. Figure 3 shows the level of data description required. Tt
includes part shape, dimensions, tolerances, surface finish, geometric form
conditions, material specifications and any requirements of surface treatment
or coatings. In addition to the part design data, the raw material (bar,
casting, forging, extrusion) to be used must be identified and geometrically

described.

The language processor system is used to input to the system the process
decision models of different part families. Process planners will use the
computer process planning language (COPPL), developed under the contract, to
program the logic of process decision models. The programmed models are con-
verted into a computer readable code by the language processor and then stored
in the data base. Process planners using the COPPL language do not require
computer programming skills. The language is more of an English-like language
than a computer programming language. This has resulted from the objective to
develop COPPL so that it could be used to document or newly specify a manu-
facturer's process rules. Therefore, the language can be easily read and
understood by manufacturing people. A detail description of the process plan-
ning language and processor is provided in Appendix D. ‘

The COPPL language allows the process planner the freedom of choosing
vocabulary when formulating process decision models. This eliminates restric-
tions on the process planner and provides the flexibility to express the ratio-
nale for fabricating part families, For example, the process planner can use
terms like the following: deep hole, free end, open diameter, exposed,
counterbere, groove, chamfer, true position, diametral tolerance, surface
finish, etc. When these terms are used in programmed expressions of a pro-

cess model, such as:

D it
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Turn outside surface on manual lathe it
surface is an open diameter, (and)
dlametral tolerance is 2 0.002 §

they have a specific meaning. A simple computer code must be written for each
vocabulary term so that CPPP can interpret the programmed expression. These
computer codes are easily added to the CPPP system through the vocabulary and
cut application system, In the above example, the code for "open diameter"
would test a part surface description to determine if it is an open diameter.
A detail description of vocabulary programs implemented for the demonstration
part tamily is provided in Appendix F.

The requirement to develop vocabulary codes reduces significantly after
process models have been implemented for one or more part families. Much of
the vocabulary used by a manufacturer would be defined after the first few
part families. Vocabulary programs could also be standardized and implemented
for multiple manutacturing tirms.

CPPE also allows a manutacturer to define the type of cuts that a machine
tool can make. Fach type of cut requires a simple computer code to be added
to the CPPP system as is done for the vocabulary programs. In general, the
type of cuts that can be made by a machine are based on the type of machine
tool. It the same cut can be made on multiple machine tools, it can be indi-
cated in the machine tool data base. A detail description of cuts implemented
for the demonstration system is provided in Appendix G.

The process decision and analysis system, the interactive display system
and the process plan output system combine to form the nucleus of the CPPP
syatem. These components are independent of any manufacturer or part families.
The process decision and analysis system is the "heart'" of the process planning
capability. It centains the modules to retrieve the part design data and the
precess models from the data base and provides the main subsystems for genera-
ting the sequence of operations, planning operation details (machine tools, cut
sequences, tools, and machining parameters) and calculating workpiece dimensions
and tolerances. Included in this part of the system is the module that inter-
prets the coded form of the process model.

The interactive display system consists of all the modules supporting
communications between a process planner and CPPP. There are multiple inter-
action points at which the process planmer can review or modify decisions made
by CPPF. Additionally, displays are used to initiate and terminate the
CPPP system and to provide information from the data base.

The process plan output system produces the summary of operations and
detail operation sheets. In each case, the data i{s output in a standard form.
[t would be a simple matter to reformat the data (£ a manufacturer desired a

«

different form of the output, Figures 4§ and 5 respectively show the summary
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of operations and operation sheets. The former provides general part infor-
mation at the top of the page and then lists specific information for each
operation: operation number and description, machine tool, department, setup
and cycle time, ete. The detail operation sheet provides general operation
data at the top and then identifies the sequence of cuts, feeds and speeds
and tools required. The operation sheet also provides a dimensioned sketch
of the workpiece as it would look following the operation. Dimensions and
tolerances are given for each cut.

2.1.2 Process Planning Functions

Figure ¢ shows a high-level view of the three primary process planning
functions of CPPP. They are organized to produce a process plan in three
distinct and separate steps. The first step generates the sequence of
operations. It begins when the process planner inputs a part number to the
system. The part number is used to retrieve the design data from the data
base. The raw material description specified by the manufacturer for the
process would also be retrieved with the part design data. CPPP does not
select the raw material; the requirement must be determined outside the system
and identified in the data base. Also contained in the design data is a
classification code identifying the part family to which the part belongs.
This code is used to retrieve the appropriate process model from the data
base. The code can be designed to provide any level of classification desired
by the manufacturer. In the demonstration system, part families are primarily
broken down by function, e.g., compressor seals, valves, sleeves,

The sequence of operations is generated with the process model alone or
by a combination of the model and process planner interacting with the system.
The model is programmed to determine a sequence of operations based on specific
geometry and material characteristics found in the part design data. The
generated sequence would contain both metalcutting and non-metalcutting opera-

tions. Additionally, the specific part surfaces or features cut in an operation

would be identified. Also, part surfaces requiring special processes such.as
nitriding or plating would be identified with the operation. This planning
function is defined in greater detail in Section 2.2.

Results of the initial planning function are stored in the data base in
the form of an operation matrix. The matrix is organized so that complete
summary information is known about any operation or part surface. The data is
used by subsequent planning functions to determine what the workpiece should
look like after each operation. For example, the matrix specifies for each
part surface the types of operations required to transform the raw material
to a finished part.
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‘The second planning function will generate the details of each operation
defined in the operation matrix. The task is to select machine tools, cut
sequences, and cutter tools and to determine feeds, speeds, cutting depths,
and number of cutting passes. There are many variables and interdependencies
in making detail decisions of the above type. Therefore, an analysis procedure
has been developed to evaluate alternative combinations of machine tools, cut
sequences and cutter tools for each operation. The best combination is chosen
based on optimum production rate or cost performance. As in the first planning
function, the process planner has the option to interact with CPPP to review
or modify decisions made.

The detail planning function is factored into the subfunctions identified
below:

e Determine candidate machine tools

e Determine candidate cut sequences

e Determine types of cuts

e Delect candidate cutter tools

e Determine machining parameters

e Determine production rates and costs
e .Select best combination of tools

e Select best machine tool and cut sequence

These subfunctions are described in greater detail in Section 2.3. The manu-
facturer must provide several kinds of data to support planning of operation
details. The data required includes machine tool descriptions, the types of
cuts made by machines, stock removal allowances, preassigned cutter tools, and
machinability data. kdditionally, the process planner must specity the
approximate lot size and production criterion to use in the analysis.

The output generated by the detail planning function consists of detailed
operation descriptions and production time and cost data. The operation data
is stored in the data base for subsequent use in calculating dimensions and
tolerances.

The third planning function calculates the actual workpiece dimensions
and tolerances for each operation. Prior to this step the system works only
with nominal values. Therefore, this function also serves to ensure the part




R7T-9%2625-1%

can be made within tolerance by the process plan. A salient characteristic of
this function is the use of tolerance chart procedures for analyzing tolerance

buildup and calculating dimensions. To do the analysis and calculations, the
manufacturer must provide stock removal allowances and tolerance data. The
output produced is used to generate operation sheets with dimensioned workpiece
sketches. This function is described in greater detail in Section 2.4

2.1.3 Hardware

The hardware required by the CPPP system consists of a general purpose
computer with common peripheral devices, a graphic display terminal, and a
hard copy line plotting device.

The CPPP system was developed on a general purpose computer of the UNIVAC
1108/1110 class. Modification for use on such general purpose computers as
the IBM 360 and 370 models can be accomplished with relatively little effort.

As currently segmented, CPPP requires about 60,000 words of computer
memory. This requirement can be reduced or increased by varying the software
organization. The computer memory requirement is somewhat dependent on the
complexity of the process planning problems to which the system is applied.
Complex part families and process plans require more memory than simpler ones.

Disks or other direct access devices are required to store the CPPP system

and the manufacturing data base. The system itself requires about 550,000 words,

if source (symbolic) and object (relocatable) code are stored. If only the
load module (absolute code) is stored, about 60,000 words suffice. Storage
requirements for the manufacturing data base will, of course, vary widely.

The smallest viable data base will require a few hundred thousand words while
very large manufacturers will require millions. It would be practical to use
magnetic tape, rather than direct access storage, for roughly half of the data
base.

The CPPP user interacts with the system via a low cost graphic display
terminal. The system has been implemented for TEKTRONIX 4006, 4010, k012, and
4014 terminals with 021-00Th-00 Optional Data Communications Interface or its
equivalent. A full duplex transmission rate of at least 1200 characters per
second is recommended. (Slower rates may be used, but noticeably degrade
system performance.) Software support is the TEKTRONIX PLOT-10 Terninal
Control System and Standard FORTRAN Subroutine Package.

A line plotter is used to generate workpiece sketches for hard copy
process plans. CPPP currently uses a CalComp plotter with a local software
package. Conversion to use other line plotters and/or software packages can
generally be accomplished with little effort.
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2.2 Plan Sequence of Operations

To develop a sequence of operations for a machined part, a process planner
would consider the part shape, dimensions, tolerances, finish and material
requirements, and special process requirements. Generslly speaking, the pro-
cess planner prepares himself for the task by organizing his thinking in
accordance with some key characteristics of the part to be fabricated. For
example: the part is cylindrical and is made from bar stock of AMS 5630; it
has a thru bore; L/D is less than 2.0; tolerance requirements are less than
.001; surface finish requirements are less than 16; etc. Based on such in-
formation, the planner calls on his experience to formulate an overall pro-
duction approach. CPPP provides a similar approach to generate process plans,

2.2.1 The Properties of a Process Model

The CPPP system allows a manufacturer to specify to the computer the
rationale for planning the fabrication of a part. The method used is called
process decision modeling. The function of a process model is to determine
for a specific part the requirements for (1) metalcutting and non-metalcutting
operations, (2) operation sequence, (3) types of machines (or specific machine
tools), (M) specific part surfaces cut by metalcutting operations, and (5)
special processes.

Figure 7 shows the kind of operation data that would be generated by
a process model. The number of the operation in the sequence, the operation
description and the type of machine tool are determined for each operation.
In the example, operation 0010 is a turn and face operation on an automatic
bar machine. CFPP would determine the best bar machine to use when planning
the operation details. Operation 0020, however, shows that the w&S 2AC
(automatic chucker) is to be used. This illustrates that process models can
call out specific machine tools for an operation. Figure 7 also shows
another important characteristic of process models -- they identify the
specific part surface’ machined in a metalcutting operation or affected by
special processes. The heavy lines show the affected surfaces in each
operation. With this information, CPPP determines the geometry of the stock
removal in the operation. This data is required when planning the details of
stock removal.

Figure 8 shows the kind of operation data that will be known about each
part surface following the planning of a sequence of operations. View A shows
that the counterbore requires a total of five operations to achieve blueprint
conditions. The rationale for each of these operations is given in the process
model. For example, a final lap operation is required for bores whenever
surface finish is 8 or less, diametral tolerance is tighter than .000L4, or
form conditions, such as straightness or roundness, are less than .0002. If
blueprint conditions for the counterbore were not as tight, then the grind

o —
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could be the final operation because ID grinders are capable of producing the
tinish condition. The rationale for the second grind includes the requirement,
to remove the "white layer" left by the previous nitriding process. This
results in removing the outside layer of the hardened case which has poor sur-
face integrity. 'The initial grind is required to "prepare” the surface for the
nitride process. The bore operation is called out by the process model to
shape the counterbore. View B shows a different situation. In this case the
process model recognizes requirements for only two operations: shape the
shoulder and finish grind to meet blueprint conditions.

The above examples and discussion illustrate that process models deter-
mine operation requirements based on the part design specifications and the
capabilities of available production methods. In one case, grinding arnd
lapping were required to finish a surface and in the other only grinding was
required. Some surfaces may require only a turning operation to finish.
Figure O shows the kind of data that is considered in developing the rationale
of a process model. Typical ranges of surface finish obtainable by various
production methods are shown. The information is for general guidance only
because of the many variables in processing. Each manufacturer would incor-
porate into its models the knowledge of surface tinish ranges for its own
workshop. The ability of production machines to hold tolerances under certain
conditions is another example of information considered in the formulation of
process models. Requirements for special processes, such as nitriding, are
determined simply by the specification called out in the blueprint.

A process model would also include rationale based on the manufacturer's
experience or practice. For example, if thin walled cylindrical parts over
a certain L/D range frequently present distortion or out-of-round problems
because of the process or machine tools or fixtures, the process model would
include intermediate machining steps to ensure a good part.

2.2.2 Family of Parts Classification

tenerally speaking, a part design can be examined in the computer by
automatic means and operation requirements for each surface determined based
on the theoretical capabilities of various production methods and the initial
ray material state. A more difficult problem, however, is sequencing the
operations. The sequence is based on machine tool capacities, operation
precedence, and process requirements. The latter includes requirements to
machine locating surfaces. CPPP currently deals with the sequencing problem
by developing process models for families of parts. A manufacturer is able
to formulate process logic for part families more easily because there is
only a finite number of design characteristics to consider and there is
usually the process experience to draw on.
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FIGURE 9., TYPICAL SURFACE FINISH RANGES FOR PRODUCTION
PROCESSES (Data produced by General Motors in 1971)

CPPP allows the manufacturer complete freedom in defining part families.
Figures 10 and 11 show four different part designs. They are all sleeve
components used in fuel controls. The part geometries are quite different.
The two parts of Figure 10 are made from nitralloy bar stock and require
special processes of nitriding, copper and nickel plating and electrofilming.
The parts of Figure 11 are made of AMS 5616 steel. The sleeves normally do
not exceed O in. long or 2 in. in diameter. They have tight tolerances and
finish. They may have thru bores. Each of these parts require a nitriding
process different from the parts of Figure 10 and different from each other.
In one case, Type B nitride is required and in the other Type A nitride.

The processes involved are quite different.

The grouping of sleeves into part families for purposes of defining
process models can occur in several ways. The sleeves of all four types could
be classified as one family. In that case, it would be necessary to "code"
all parts as "sleeves" and one process model would be defined for all possible
geometry, material and process variations. This would be a fairly complex
model. Another approach would group nitralloy sleeves and AMS 5616 sleeves of
type A and B nitride into their own respective part families. This would
classify parts primarily by process -- the process models would then be
required to accommodate shape and geometry variations.
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20203 Formulation of Process Models

The process model for a part family defines the rationale for determining
. sequence of operations and specifying particular part surfaces affected by
ecach operation. To develop a model, the manufacturer would first formulate
a general process for the specified part family. The general process is simply
an outline of the steps that may be required to fabricate a particular part of
the family. FProcess steps must be included for any variation allowed by the
part family definition. For example, if deep hole drilling is required for
some parts and not for others, the process model must provide for the possi-
bility. USimilarly, if the part family has large variations in surface and
finish requirements, types of features, or special process requirements, the
process model must allow for them. An outline of the general process for
sleeves is shown below.

drawv material

shape bar stock

install deep hole

complete shaping

hone and/or grind for form conditions
finish turn

install grooves by crush grinding

* install noneylindrical features
harden by nitriding and plate surfaces

® install remaining noncylindrical features
* finish machine
.

harden by type A nitride

finish to prenitride size

inspect, clean, mark, electrofilm, preserve
and pack part

The next phase of formulating a process model is to expand the steps of
the general outline by incorporating the logic to determine requirements for
gpecific types of operations. The logic would be developed based on geometry,
dimension, finish, material and special process variations allowed in the part
family definition. In the above outline, for example, the requirement for
deep hole drilling is dependent on the size and length of the thru bore Cif
one exists). Initial shaping of the part may result in drilling the bore if
the size does not require a deep hole operation. Small stepped diameters that
can be finish ground in one operation would not be rough turned when shaping
the part. Only certain groove features would be turned, others would be crush
ground. Diameters are also machined during crush grinding under certain cir-
cumstances. Parts made of certain materials may require heat treatment early
in the process followed shortly thereafter by a stress relief. Logic would
also be included to generate a finish turn operation for part surfaces that can
not be finished during shaping operations and do not have tolerance conditions
that require grinding.
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Logic would be included to machine noncylindrical features (slots, flats,
windows) and drill holes if they are specified in the part design., The
sequence for installing these features would depend on "timing feature" re-
quirements and the type of feature. Certain features that break into the bore
or are of a certain shape may not be installed until later in the process.

The general outline above shows that these features are installed following
any requirement for nitriding.

The logic for hardening the part by a nitride process and plating surfaces
rould depend on several variables. Part material and the type of nitride
process specified are key parameters upon which the sequence of operations
depends. Only under certain conditions is the entire part nitrided. In
situations where specific surfaces are to be nitrided, the process model must
provide for masking. The masking process is dependent on the type of part
material. Requirements for final plating (e.g., nickel) would follow the
nitride process and the removal of the protecting mask material.

Requirements for finish machining (hone, grind, lap) are dependent on
tolerance, surface finish and form conditions and whether nitriding is re-
quired. The final operations to be covered by the logic are requirements for
inspection, cleaning, marking, preserving and packing. The requirement for
electrofilming would also be determined in this part of the model.

The end result of incorporating logic into the general process outline
for a part family is a process model. The model will generate different
sequences of operations conditional on variance in design data. Figure 10
shows an example of an operation sequencing structure that might be found in
a process model. Each element or box is the equivalent of a sequence
"branching" logic or a test for generating an operation. Boxes from which
either of two "paths" can be followed are branching elements of the model.
The path followed depends on whether the specific condition is true or false
tfor the part being planned.

For example, boxes 38, 39 and 40 might be elements of the process model
to install noncylindrical features and stress relief the part if the material
is AMS 5616 and type A nitriding is required. Box 38 would perform a test to
determine if th¢ part material is AMS 5616. If the answer is true, the process
model would branch to box 39 where another test would be made to determine if
the part has a requirement for type A nitride. Again, if the answer is true,
the process model would branch to box 40. At this element a test might be
made to determine if the part has a timing feature requirement that should be
installed before machining the noncylindrical features. If at any of these
branch points the answers were false, a different path would be followed. A
false answer at element 38, for example, would result in a transfer to box k5,
This element would be a test for generating a metalcutting or non-metalcutting

Har* e
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FIGURE 10,
PROCESS MODEL.

EXAMPLE OF OPERATION SEQUENCING STRUCTURE IN A
Boxes are either branch points or

tests for operation requirements.
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operation, such as an OD grind on a centerless grinder or copper plating
surfaces. Whether an operation would be generated would depend on the design
characteristics of the part being planned.

It can be seen in the example of the operation sequencing structure that
there are twelve possible paths. Two of the paths are:

(l) 3'[‘ 38’ 39) ho’ hll be. h3’ hh, 1‘5‘ l‘6’ u?) 1‘8' ()9, '(0
(2) 37, 38, 45, W6, k9

This means there are at least twelve sequences of operations that could be
generated. There are in fact many more. For example, boxes 37 and 45 are
tests for generating operations. Depending on the part design, an operation
may or may not be generated in either case. Therefore, in path (2) above,

four different operation sequences could be generated. Since both of these
boxes occur in all twelve possible paths of the operation sequencing structure,
there is a minimum of forty-eight (48) possible sequences of operations.

Boxes 41, 42, 43, Wk, W7, LB, WO and 70 are also tests for generating opera-
tions. Thus, the number of possible operation sequences gets much larger.

The remainder of this section will illustrate the different program
elements of a process model that are represented as boxes in the operation
sequencing structure of Figure 12. The elements of logic used to form a
process model are:

e simple metalcutting axiom

e multiple operation metalcutting axiom
e single feature metalcutting axiom

e non-metalcutting axiom

e branching or program transfer axicm

2.2.3.1 Simple Metalcutting Axioms

Figure 13 is an example of a simple metalcutting axiom that would nor-
mally be placed at the beginning of a process model. The rationale in this
axiom is to machine any outside surface of the part on an automatic bar
machine conditonal on a surface being an open diameter, an exposed semiopen
diameter, or an end. This axiom would cause CPPP to generate a turn, face,
and cut-off operation to shape a piece of bar stock and cut it off. The type
of data generated is shown in Figure 7, operation 0010.

Axiom vocabulary and structure are important in formulating the rationale.
The vocabulary includes key words. For example, the term "outside surface"
will cause CPPP to only test surfaces on the external periphery of the part;
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Turn outside surface on MCOMOO (Automatic Bar) in normal if
Surface is an open diameter (or)

Surface is a semiopen diameter,
surface is exposed (or)

Surface is an end $

FIGURE 13. EXAMPLE OF AXIOM TO SHAPE BAR STOCK
Logical expression: A + (B:C) + D

internal surfaces are not considered by this axiom. The term "normal" means
that the part design should be oriented in the direction of normal. Orienta-
tion axioms are used to define the normal orientation of a part; one of the
first axioms of a process model would orient the part for subsequent CPPP
analysis., Terms like "open diameter", "semiopen diameter", "exposed", and
"end" are vocabulary used by the manufacturer in formulating the process
model. Their meaning must be defined to CPPP, Appendix F defines vocabulary
terms used in the demonstration process model for a part family of nitralloy
sleeves,

The structure of an axiom is equivalent to a Boolean (logical) expression.
The expression must be true for at least one part surface before an operation
can be generated. All surfaces for which the Boolean expression is true will
be cut in the operation. If the Boolean expression is false for all part sur-
faces, an operation will not be generated and CPPP will go on to the next
axiom in the operation sequence structure.

The above axiom results in a simple Boolean expression:
A +(BeC)+ D = (1,0)
where

A = 'open diameter'

B = 'semiopen diameter'
C = 'exposed'

D = 'end'

Figure 14, illustrates the "syntax tree" which shows how CPPP evaluates the
Boolean expression for each outside part surface. Given a particular part
surface, the evaluation begins by testing for an open diameter. 1If the answer
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FTGURE 14, EXAMPLE OF SYNTAX TREE FOR LOGICAL EXPRESSION:
A+ (BC) +D. T = true; F = false

is true, then by following the truth path (T) it can be seen the expression is
true. This would cause CPPP to generate a turning operation for the particular
surface. CPPP would then continue to the next part surface and repeat the
evaluation procedure. Conversely, if the answer were false to the initial
test, CPPP would follow the false path (F). This leads to the next test which
is to determine if the surface is a semiopen diameter. If the answer is true,
the syntax tree shows that a further test is needed to determine if the surface
is exposed. Further evaluations of the Boolean expression by the syntax tree
can be verified by the reader.

Every process axiom has a syntax tree. The coded form of an axiom, which
is generated by the CPPP Language Processor, is equivalent to the logic por-
trayed by its syntax tree.
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Figure 15 is another example of a simple metalcutting axiom. The purpose
of this axiom in the model from which it was taken is to finish shaping the
part in reverse orientation on an automatfc chucker or NC lathe. (The model
had previously provided for shaping surfaces of the part in the normal orien-
tation on a bar machine.) The operation generated by this axiom could result
in machining both outside and inside surfaces. The upper portion of the axiom
specifies the rationale for machining outside surfaces. It provides for
cutting open diameters that were not previously cut on the bar machine, semi-
open diameters, the free end, reliefs and the largest OD. It also states that
open and semiopen diameters be cut only if they are exposed. The largest 0D
will be finish turned only if its tolerance is between .004 and .010 and any
specified concentricity requirement is looser than .002. This rationale implies
that surfaces with a more open tolerance can be finished by the initial bar
machine operation. Also, a surface with diametral tolerances tighter than .00k
or concentricity tighter than .002 will require grinding and, therefore, should
not be turned again.

Table 1 shows the full rationale of the manufacturer with respect to

largest OD for the part family ot sleeves. Similar conditions govern the
machining of other diameters and faces that form stepped shoulders (semiopen

TABLE 1. MODEL RATIONALE FOR LARGEST OD

Surface Machine

Condition Requirement Operation
solid bar machine turn
.00k <+ <.010 automatic chucker finish turn

o > .002 NC lathe

+ < .00k OD grinder grind
centerless grinder

o< .002 OD grinder grind
centerless grinder

tolerance
concentricity

o +
nn

LG
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Turn outside surface on MC2400 (automatic chucker) or MC2500 (NC lathe)
in reverse if

Surface is an open diameter,
surface is not cut,
surface is exposed (or)

Surface is a semiopen diameter,
surface is exposed (or)

. Surface is a free end (or)

Feature is a relief,
feature location is .LE 0.5# part length (or)

Surface is largest OD
diametral tolerance is .LT .010,
diametral tolerance is .GE .00k,
concentricity is .GE .002 $

(¢c) Turn inside surface if

Feature is a thru bore,
feature is not cut (or)

Feature is a counterbore,
feature is exposed,
feature is not a sharp edge feature (or)

Feature is a groove,
feature is a counterbore feature,
feature is exposed $

FIGURE 15. EXAMPLE OF SIMPLE METALCUTTIQ? AXIOM
Logieal expression (top):(A‘B-Cl+(D-C)+§+(F-G)+(H-I-J-K)
Logical expression (bottom): (L+B)+(M-C-N)+(0-P-C)




R

R77-942625-14

diameters) and counterbores. These surfaces, however, may have other condi-
tions for operations that are related to special process requirements of
hardening and plating. Also, surface finish and form conditions of straight-
ness, roundness, etc., generate requirements for operations.

The lower portion of the axiom in Figure 15 specifies the rationale for
machining inside surfaces. It provides for cutting the thru bore, counterbores,
and grooves located in a counterbore. The thru bore will be cut only on the
condition that it was not previously cut in an earlier operation. If the bore
is a deep hole, the model will cut it with an ejector or gun drill following
the initial bar machine operation. An exposed counterbore will be cut in
this operation providing it is not a "sharp edge feature'". These features
are installed by grinding following any requirement for nitriding.

Figure 16 shows another example of a simple metalcutting axiom programmed
to crush grind grooves and outside diameters that have not been cut or have
tolerances less than .00k. This axiom also requires that the separation
between grooves to be crush ground be greater than .060. This requirement
is based only on the process of crush grinding.

Crush grind outside surface (grooves) on MC1400 (crush
grinder) in normal if

feature is a groove,
feature is not cut (or)

feature is a semiopen diameter,
feature is not cut (or)

feature is a semiopen diameter,
diametral tolerance is .LT .00

providing the following condition exits:

groove separation (0.060) §

FIGURE 16. EXAMPLE OF SIMPLE METALCUTTING AXIOM
Logical expression: (A+B)+(C-B)+(C-D)

Figure 17 shows an example of a simple metalcutting axiom programmed to
generate finishing operation on the thru bore. It requires the thru bore to
be lapped with a hand hone whenever the surface finish or tolerance is no
greater than 8 or .000h respectively or when the straightness or roundness
form condition is no greater than ,0001.
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Lap the thru bore on MC1700 (hand hone) in normal if i
Surface finish is .LE 8 (or)
Diametral tolerance is .LE .0004 (or) l
Straightness is .LE .0001 (or)

Roundness is .LE .0001 $

FIGURE 17 . EXAMPLE OF SINGLE FEATURE METALCUTTING AXIOM
Logical expression: A+B+C+D

This class of metalcutting axioms is similar in form to the simple
metalcutting axioms. The only difference is that multiple operation metal-
cutting axioms instruct CPPP to generate one operation for each part surface
for which the axiom's rationale is true.

Figure 18 shows an example of a multiple operation metalcutting axiom. It
can be identified by the key word "each” in the statement of the operation.
This axiom will cause a grind operation to be generated for each inside dia-
meter that is exposed and whose tolerance is less than .002. The rationale
also states that this axiom does not apply to the thru bore.

Grind each inside surface on MC1600 (ID grinder) in normal if

Surface is a diameter,
surface is not a thru bore,
surface is exposed,
diametral tolerance is .LT .002 §

FIGURE 18. EXAMPLE OF MULTIPLE OPERATION
METALCUTTING AXIOM
Logical Expression: AsBsCeD
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Figure 19 is another example of a multiple operation metalcutting axiom
programmed to generate a milling operation for each "window" that is exposed
and was not previously cut. A window is a term for an opening into the bore.
A further condition of the rationale is that the edge where the window breaks
into the bore have a radii of greater than .005. (Windows with smaller radii
will be installed by an EDM process following any requirement for nitriding.)
The rationale also requires that the "timing feature" be machined before
installing a window. If a window has no associated timing feature, then the
condition does not apply. In the case where multiple patterns of windows |
must be installed, an operation is generated for each pattern. A pattern of @
windows or any other noncylindrical feature is when more than one feature
exists in a cross-section of . the part.

Mill each outside surface (window) on MC1300 (miller)
in reverse if

Feature is a window,
feature is not cut,
feature is exposed,
bore edge break is .GT .00S

providing the following condition exists:

timing condition met §

FIGURE 19. EXAMPLE OF MULTIPLE OPERATION METALCUTTING
AXTOM FOR NONCYLINDRICAL FEATURE

Logical Expression: AsBeCeD

A single feature metalcutting axiom is programmed to generate an operation
on one part surface. Figure 20 shows an example of a single feature metalcutting
axiom. The axiom is programmed to hone the thru bore on an automatic hone. An
operation will always be generated whenever this axiom is encountered in the
process model. The only condition is that the part have a thru bore.




RTT-942625-14

" Hone the thru bore on MC0900 (automatic hone)
in normal $

FIGURE 20. EXAMPLE OF A SINGLE FEATURE METALCUTTING AXIOM

Nonmetalcutting axioms have the same form as metalcutting axioms and

result in the generation of operations. The only difference is that CPPP knows

that these operations do not result in the removal of metal. They generally
cover requirements for special processes, inspection, ete. Figures 21 and
nitriding and inspection operations. The nitriding axiom specifies that

the process is to use furnace 2780 and that the manufacturer's process stan-
dards HS1173 and PMP505 apply. This axiom assumes a particular nitriding
steel. For a different material, the process standard may vary; either a
more general axiom is required to accommodate multiple materials or a dif-
ferent axiom is needed for each type of material affecting the process stan-

dards. Fach surface to be nitrided by this operation will be identified by
CPPP.

Nitride in MC0200 (Furnace), MT0203 (Furnace 2780)
per HS11T3 and PMP505 if

Surface is a nitrided surface ¢

FIGURE 21. EXAMPLE OF NONMETALCUTTING AXIOM TO GENERATE
NITRIDE OPERATION.
Logical Expression: A

Sample roundness of the thru bore with MC1900
(proficorder) $

FIGURE 22. EXAMPLE OF NONMETALCUTTING AXIOM TO INSPECT
THE THRU BORE.

show examples of nonmetalcutting axioms respectively programmed to generate
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2.2.3.5 Branching Axiom
In the earlier discussion about formulating process models, the concept of

operation sequencing structure was introduced. This structure consists of

the different kinds of metalcutting and nonmetalcutting axioms and the logic

for generating different sequences of operations. A principal element used in

formulating the operation sequencing structure is the branching axiom. This

axiom allows the manufacturer to construct process models for a large varia-

tion of material, geometry and process conditions. The axiom will cause CPPP

to test for specific part design characteristics and transfer (or branch) to

the appropriate section of the process model. Figure 12 illustrates the

effect of branching in & process model. Figure 23 shows several examples

of branching axioms. The first one is programmed to transfer to element 0150

of the process model if the part has a timing feature requirement. Other-

wise, CPPP will transfer to element 024L0. Branching axioms can be specified

to test for any condition. The next two examples show branching axioms

that test for surface finish requirements less than 16 and part material of

AMS 5630 respectively.

Do 0150 if part has timing feature requirement, eclse 0240 $

Do 0200 if@surface finish requirement is .LT 16, else 0320 $

Do 0110 if material is .BQ AMS 5630, else 0150 $

FIGURE 23. EXAMPLES OF BRANCHING AXTOMS

2.2.4% Use of Process Models

As stated earlier in this section, process models provide the necessary
rationale for CPPP to plan a sequence of operations. The models consisting of
metalcutting and nonmetalcutting axioms and branching axioms are converted
into a computer code and stored in the data base. A complete model for the
demonstration nitralloy sleeve family is given in Appendf§ E. CPPP will plan
the sequence of operations for a nitralloy sleeve by using the process model
and a full description of the part design. The process planner can also inter-
act with the system to make any desired modifications. All data generated
about operations is stored by CPPP in the data base so that it is available to
plan operation details and calculate workpiece dimensions and tolerances.

The latter function will determine if the process is good from the standpoint
of producing acceptable parts.
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l 2.3 Plan Operation Details

l The CPPP operation detailing function provides detailed information for

each operation in the sequence of operations. The task of the detailing ;
module is to determine the best machine tool (if a particular one is not
specified), best cut sequence, best cutting tools, and best machining para- ‘
meters to use for each operation. In initiating CPPP, the process planner must !
indicate whether he wishes these choices made to minimize machining time or ;
machining cost. As illustrated in Figure 2L, this task is one of finding the i
best path through a network of possible choices. The figure shows two machine '
tools that could be used for the operation. Each machine tool has three possible ]
cut sequences, with two cut sequences being possible on both machines. The ‘
four cut sequences have respectively three, four, four, and three possible f
tool combinations, two of which are unique to one sequence and the other six
of which are shared by two sequences.

OPERATION

MACHINE TOOLS
CUT SEQUENCES

TOOL COMBINATIONS

OBJECTIVE: FIND THE PATH OF MINIMUM TIME OR COST

FIGURE 2. THE DETAILED PLANNING NETWORK PRORBLEM
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The cost (or time) of the operation on a machire tool is that of the best
cut sequence on that machine tool. The cost of a sequence is in turn that of
the best combination of cutting tools operating at chosen feeds, speecis, and
cut depths. The heavy line in the figure represents the best choice. To
identify the best path in the network, all paths must be generated, examined,
and evaluated.

The nine functions that must be performed to arrive at the best path through
the network are given in the following list. Successive levels of indenta-
tion indicate successive levels of functional nesting. For example, level two
is repeated several times to solve level one and each repetition of level two
requires several repetitions of level three.

1. Determine machine tool candidates

>

2. Determine cut sequence candidate
3. Determine types of cuts

Y. Determine cutting tool candidates

5. Calculate Machining Parameters

6. FPormulate cutting tool combinations
T. Select best combination of cutting tools
8. Gelect best cut sequence
9. Select best machine tool

Lo ]

Functions 1 and 9 are performed once per operation; 2 and 8 are performed each
machine tool candidate. Functions 3, 6, T are performed for every cut sequence
considered in the operation, and I and 5 are performed for each cut in every
sequence considered in the operation, and k and 5 are performed for each cut

in every sequence. Fach of these nine functions will be discussed in depth
later in this section.

The main emphasis in generating operation details has been develop-
ment of the analytic framework necessary to do the job. The current mode of
operation relies heavily on interaction by the process planner to steer CPPP
away from consideration of bad or uninteresting possibilities. The detail-
ing modules are not yet tully developed and do not operate from stored pro-
cess logic as the initial operation sequencing modules do. As a result,
CPPP must generate and examine several different logical possibilities at
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each detailing step and must attempt by time and cost estimates to make good
selections. The estimates rely heavily on machinability analysis and values
from the CPPP data base. The present system requires a manufacturer to
estimate many data base values used in the analysis. Ultimately, these esti-
mates should be replaced by more accurate methods of calculating the data
values, Thus CPPP might expend considerable effort making estimates from
poor data and make a poor choice if unaided by interaction by the process

planner.

A solid framework has, however, been developed for CPPP operation detail-
ing. This framework is dependent on having a description of each metalcutting
and nonmetalcutting operation that has been included in the sequence. For
metalcutting operations the description consists of the type of operation,
type of machine tool (lathe, grinder, hone, etc.), the surfaces that are to
be cut and the workpiece geometry. For nonmetalcutting operations such as
heat treating, plating, coating, or inspection, it consists only of the opera-
tion type and machine type (furnace, bench, etc.). In addition to this
information about the sequence to be planned, the detailing cycle requires
complete information about the workshop. This data must include information
about available machine tools, tooling resources, stock removals and tolerances
for different cutting situations, and machinability. All of this workshop-
dependent information must be stored in the CPPP data base, whence it is
retrieved for operation detailing. The information about the specific opera-
tions is generated by the methods described in Section 2.2. The data is passed
along in the form of an "operations matrix,” a summary list of the operation
descriptions, and the geometry of the raw material and finished workpiece.

Figure 25 shows a sample part. The first six operations on such a
part, as found in the summary list of operation descriptions, might be
as follows:

Op 10 ~ Draw barstock from raw material stores

Op 20 -« Turn to rough shape and cutoff

Op 30 - Heat treat to stress relieve

Op 40 ~ Centerless grind locating diameter
Op 50 -~ Gun drill through bore

Op 60 - Rough turn the cutoff end

sequence of operations will be used to discuss the operation
shown in Figure 25.

This partial
matrix, also

s et e
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At the top of the figure, the final part geometry is shown superimposed on
a section of barstock. The part illustrated has an open outside diameter, two
stepped outside diameters, two grooves, a through bore, and two ends. These
surfaces are numbered in a clockwise fashion starting with the left end. By
adding "E" for end, "D" for diameter, "F" for face, "G" for groove, and "I"
for internal diameter to these surface numbers, the four-character CPPP surface
names are formed (E001, D002, F003, etc.). The labels appear in the operations
matrix.

At the bottom of the figure is the beginning segment of the operations
matrix for this part. There is a matrix row for each operation, and the
illustration shows the initial six operations described above. The operations
matrix consists of two parts. The first five columns are for general operation
data. The remaining columns, one for each part surface, tell which surfaces
are cut or affected by the operation. The first column, MCT, identifies the
type of machine class to be used. CPPP recognizes a hierarchy of three levels
of machine classification. At the bottom is the identity of specific machine
tools such as B&S No. 2 Automatic Bar Machine or Micromatic 723 Automatic Hone.
The middle level groups machine tools into classes such as automatic bar
machines and automatic hones. The top level groups machine classes by types
such as lathe and hone. MCT is a code representing this top level. The MCT
Code -1 is used for noncutting equipment such as benches, tanks, and furnaces;

1 is the code for all types of lathes; 2 is for deep hole drills; 5 is for
cylindrical grinders; and so on. The SETUP column determines whether the

part is in Normal orientation as shown in the picture or in Reverse orientation
for the operation. The MCl and MC2 columns give the internal code numbers of
the primary and, if specified, alternate machine class for the operation. For
example, 400 is the code for bar machines, and 2L00 and 2500 are the codes for
automatic and NC chuckers. The MT column may specify a particular machine

tool for the operation. In the figure a raw material bench (MT = 108) is speci-
fied for Operation 10 and a stress relief furnace (MT = 301) for Operation 30.
The remaining columns (affected surfaces) have a 1 to indicate a surface is cut
in an operation or a 0 to indicate it is not. A 1 is also used to indicate that
a surface is affected by a special process, such as nitriding or nickel plating.

2.3.1 Determine Machine Tool Candidates

To determine the qualified machine tool candidates for an operation, CPPP
first examines the MC1l, MC2, and MT columns of the cut matrix. An entry in
MT will cause the specified machine tool to be the only candidate and it is
automatically qualified. Otherwise, all machine tools listed in the data base
under the machine class identified in MC1 become possible candidates. If MC2
specifies an alternate class, all its machine tools are also included.
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The possible list of candidate machine tools is then examined, one machine
at a time, and those which qualify for the operation become part of the final
list of qualified machines. Machines from the original list qualify for an
operation if they can physically accommodate the workpiece and can perform the
required cuts. The present version of CPPP disqualifies a machine tool only if
the overall part length or diameter is too large or small or if some special
feature -~ such as bore diameter for a gun drilling operation -- is out of
range. However, information is now available in the CPPP machine tool file
and part design data to support more detailed analysis in the selection of
qualified machine tools. For example, machines with horsepower ratings below
a certain value could be eliminated for certain hard to machine materials. The
types of cuts and their tolerance and finish requirements could also be used to
restrict the number of machines considered. It is of practical importance to
limit this number because a machining analysis is performed for each machine
and can result in appreciable computer costs.

After qualification is finished the operation will be fully detailed on
every qualified machine tool to determine which is the best one.

2.3.2 Determine Cut Sequence Candidates

The first step in identifying cut sequences is for CPPP to determine the
aggregate material to be removed in the operation. Figure 26 shows the
stock removal for Operation 20 of the cut matrix in Figure 2L. From this
figure it is easily seen that while there are five cut surfaces -~ E001, DOOk,
005, D006, and K009 -- there will be only four cuts because D006 and FO05 must
be formed together from solid condition. CPPP recognizes these four cuts and
orders them into different cutting sequences. lLogically there are 2W possible
sequences of the four cuts, but some of these are physically impossible and
others may not be good machining practice. For example, the eighteen logical
possibilities that place F00l1 first, second, or third in the sequence are
physically impossible because barstock cutoff must be the last cut in the
operation.

[ff the grooves were also formed in this operation, it would generally be
preferable to cut them after D006 to avoid an interrupted cut on the diameter
and to avoid cutting excess stock in a forming operation. It would also be
logically possible to cut either groove first, thus doubling the number of
possible cut sequences to be considered without adding anything of interest.
For these reasons it is necessary for CPPP to apply some manufacturing intel-
ligence to limit the number of candidate cut sequences. Bar machines in general
require cutoff to be the last cut. Sw’ss automatics and tracer lathes require
a single right to left cutting pass. On any manual machine it is important
to cut the datum reference surface for the operation first. These are all
examples of intelligence that are not yet implemented in CPPP, but which have
been partially identified and can be further developed.
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FIGURE 26. MATERIAL REMOVED IN AN OPERATION

What CPPP actually does is to follow heuristic rules to subdivide the
total stock to be removed into regions. The regions themselves are ordered and
are then each broken down into a subset of ordered cuts. The procedure used
makes all rough'cuts before any finish cuts, cuts diameters before forming
grooves in them, etc. While these heuristics are being improved and even-
tually replaced by process decision logic, the process planner can use the
CPPP interactive capability to modify or specify the cut sequence candidates.

When the cut sequence candidates have been determined, each one is further
detailed in turn. Any one of the cut sequences is an ordered list of the sur-
faces to be cut and implies a breakdown or decomposition of the material to be
removed. Decompositions for two cut sequences are shown in Figure 27.

2.3.3 Determine Types of Cuts

The next problem for CPPP is to recognize the material decomposition for a
cut sequence and to determine the type of cut represented by each element of
the decomposition. To select appropriate cutter tools and to estimate cutting
time and cost, CPPP must know the type of cut. Under the CPPP philosophy,
each workshop is allowed to specify the types of cut each machine tool can
make. For each cut type defined, a computer program is written and made part
of the library of cut types known to CPPP. Figure 28 shows examples of some
cuts included in the CPPP cut library; more are defined in Appendix G.

o

) hirtoc
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CUT SEQUENC  E009, D004, D006, FOO0S5, E0O1

CUT SEQUENCE: D006, FO05, E009, D004, E001

FIGURE 27. MATERIAL REMOVAL DECOMPOSITIONS
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TURN & FORM BORE & FORM

FACE & FORM

TURN & FACE BORE & FACE

o

FIGURE 28. SAMPLE CUT APPLICATIONS
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A list of all the cut types each machine tool can perform is stored in

the CPPP data base. When a particular sequence of cuts is being considered g
for a particular machine tool, CPPP steps through the list of that machine's ]
cut types. For each on it executes the corresponding library program on the

first cut surface witil one of them recognizes the first surface as its specific |
cut type. CPPP then advances to the second surface in the sequence, and so on. |
Figure 29 shows the result of this activity -- each cut has been identified by i
Also, the nominal stock removal can be determined for each cut and whether

| type.
it is a rough, semifinish, or finish cut.

OPEN TURN TURN AND FORM

CUT OFF \

/

OPEN
FACE

CUT SEQUENCE: E009,D004, (D006,F005),E001

FIGURE 29. IDENTIFICATION OF CUT TYPES

2.3.4 Determine Cutting Tool Candidates

CPPP was desighed to support two methods of cutting tool selection. Only
1 one is currently implemented ~- selection of types of tools based on the machine
{ tool and the type of cut. Along with the list of cuts each machine tool can
make, the CPPP data base includes one or more cutting tool candidates for each
of the machine's cut types. (The cutter candidates are almost always tool
b types rather than specific tool numbers. OSpecific tools cannot be determined
] by cut type alone. [t is necessary to know the actual cut parameters -- size,
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fillet radius, part material, etc. -- that are encountered in particular cutting
situations.) The second method is a capability for retrieving specific alter-
nate tools using stored process logic from the data base. However, this capa-
bility is not being used by the present demonstration system. Either concept
results in the situation illustrated in Figure 30, wherein each cut has a '
corresponding list of cutting tool candidates. i

A more advanced concept not supported by the current design is to inter-
face CPPP with a separate tool selection system that operates off of the
workshop's tooling catalog. CPPP would pass cut description data to this
system, which would provide specific tooling candidates.

!
& |
;

cut SURFACES CUT TYPE CUTTING TOOLS
1 E009 OPEN FACE TOOL-1 TOOL-2
2 D004 OPEN TURN TOOL-1 TOOL-3
3 D006,F005 TURN & FORM TOOL-1 TOOL-3 TOOL-4
4 E001 CUTOFF TOOL-5

FIGURE 30. CUTTING TOOL CANDIDATES

i 2.3.5 Calculate Machining Parameters

Fach cut is analyzed to determine its feed, speed, depth of cut, and
number of cutting passes. These machining parameters are included as part of
the detailed data on the operation sheets for metalcutting operations. They
are also needed to calculate production times and costs. The CPPP framework

63
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repeats this analysis of machining parameters not once per cut, but for every
cutting tool candidate for each cut. Although CPPP does currently select only
tool types and not actual cutters, this provision is made to allow the sub-
sequent addition of actual cutter selection. When the actual cutter and its
geometry are known, they become important parts of the overall cutting situa-
tion and can alter the machining parameter results. In particular, the shape

and size of single point turning tools limit the maximum depth of cut per
cutter pass. '

Table 2 shows the list of machining parameters of importance to
computerized process planning. The asterisks identify those parameters not
determined by the present version of CPPP. In addition, since the present
version normally uses only tool types, the machining parameters are the
same for each cutting tool candidate for a specific cut.

TABLE 2. CPPP MACHINING PARAMETERS

1. Number of passes ' 9. Parts per tool

2. Depth of each'pass 10. Chip Volume (per piece)

3. Feed N 11. Rake Angle*

4, Speed : 12. Nose radius*

5. Cutting rate 13. vTool material

6. Cutting time (per piece) 1%. Tool cost per cutting edge*
7. Cut cost (per piece) 15. Force on tool tip*

8. Tool life 16. Horsepower required

17. Spindle torque*

In manual process planning there is no standard method of determining
feed, spead, depth, etc. Often this is left to the machinist. That cannot be
done with CPPP because the system needs at least estimates of these values to
make its selection of cutting tools, cut sequence, and machine tool. It is
also CPPP philosophy to standardize the process as much as possible by having
CPPP encompass all processing decisions, even if some must be sometimes over=
ridden manually. If a process planner does specify machining parameters, the
most systematic method in common usage is for him to refer to machinability
handbooks. Handbooks are generally organized by type of cut (turning, drilling,
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surface grinding, etc.), part material and hardness, and depth of cut. For each
combination of these in the handbook, there will be a recommended feed, speed,
and cutter material and often estimated tool life.

The handbook method is easy to use manually and easy to computerize because
it involves a simple table look-up. However, the handbook does not offer the
flexibility of varying the parameter recommendations. On some jobs it is best
to remove metal as fast as possible even though more cutters are consumed; on
others a high cutter cost or long cycle time may require longer tool life and
a consequently slower cutting rate. Expressing machinability data as contin-
uous functions of several variables -- such as extended Taylor tool life
formulas or multiple regression equations -~ greatly increases the flexibility
of machining analysis and opens ithe door to optimizing machining parameters for
particular cutting situations.

Currently, CPPP references its data base to determine the maximum depth of
cut the machine tool can make on a single cutting pass. This is divided into
the stock removal for the cut to determine the number of passes required. The
stock removal is then divided up evenly across the cutting passes, and that
value is the depth of cut that is used for look-up. CPPP looks up the machine
class, type of cut, part material, hardness, and this depth of cut in the
machinability file of its data base to read out recommended tool material,
feed, speed, and estimated tool life.

Once the recommended machining parameters for a cut have been determined,
they can be included in the detail operation information and used further by
CPPP in the analysis of the operation details. In perticular, machining para-
meters are used to help estimate time and cost data for individual cuts, combi-
nations of tools, cut sequences and machine tools. These estimates are used by
CPPP to select the tools, sequence, and machine for the operation.

The actual equations used by CPPP are the following:

o
nedel '
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= cutting time (min) ¢, = cutting cost ($)
= number of passes T = tool life (min)
= depth of pass (in.) t, = traverse time (min)
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L = cut length (in.) ¢, = cost of labor ($/hr)

[

: f. = feed (in./rev) | ¢, = cost of machine ($/hr)

? V = speed (in./min) ¢, = cost of replaced tool ($)
t. = tool replacement time (min)

In the first equation tt, traverse time between passes on the same cut, ,
is currently set to zero. Ultimately it could be determined and included by
standard time calculations. Derivation of other terms in the time equation has
already been discussed. One of these, the depth of each pass, will be changed
in the future from uniform depth on all passes to a light cut on the last pass
with the remaining stock evenly divided between the remaining passes. That
would modify the time equation to sum over the passes instead of multiplying
number of passes by time per pass. In the second equation c,, cost of consumed
tools, is currently set to zero, but in the future it could be picked up from
a tool cost file. The costs for labor and machine, cy and c, are taken
from values entered by process planners in the machine tool file of the
CPPP data base.

The only matter that has not been fully discussed so far is the method of
determining the total cut depth that is used to calculate the number of passes
and depth per pass. This method makes use ot the current workpiece geometry,
the operations matrix of Figure 25, and the CPPP data base machine tool
file. The current workpiece geometry contains the current nominal dimension
of the cut surface. The operations matrix tells in which operations the surface
is cut and by what machine classes. The machine tool file gives the standard
amount of stock removal of each machine class. If the cut in question is not
the initial cut on the surface, the stock removal value from the machine tool
file for that operation can be used directly. However, in the initial cut
as much stock must be removed as is necessary to leave the proper amount for
all subsequent cuts. OSo the standard stock removals for all subsequent cuts
on that surface are summed up and combined with the final part dimension to
determine what the dimension should be after the first cut. The difference
between that dimension and the dimension before the cut gives the stock removal
for the first cut on the surface.

The current CPPP system does require process planners to determine and
put in the data base the standard or desired amount of stock removal for each
machine class. Actual stock removals should depend also on the particular
machine tool, the type of cut being made, the workpiece material, and its
current hardness. CPPP could be enhanced to store and retrieve stock removal
using these parameters to give more realistic stock removals.
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2.3.6 Formulate Cutting Tool Combinations

Under consideration is a particular sequence of cuts on a particular machine
tool. A list of candidate cutters have been determined for each type of cut.
This means there are several possible combinations of cutter tools that can be
used. Picking one candidate from each list gives a particular cutting tool
combination. It is important to consider these combinations because on some
machines the correct choice of the best tool for one cut, in theory, cannot
be made without knowing the tools for the other cuts. For example, on a manual
or NC machine it could be possible to reduce the total number of tools and save
turret indexing time by using the same tool for more than one cut.

CPPP formulates the possible combinations and calculates the resulting
operation time and cost for each. Essentially this builds up a subnetwork prob-
lem as shown in Figure 31. Proper evaluation of the network requires more
data resources than are available in the demonstration CPPP. For example, if
more than one tool is mounted on a single tool post to make multiple cuts at
the same time, the recommended feeds must be adjusted to make them the same and
equal to an available machine tool setting. After that, the cost of the
tooling for the cuts is the sum of the tooling cost of each, but the total
time is only the time of one single machine stroke. A similar situation arises
when two separate tool posts operate simultaneously. However, CPPP cannot yet
perform this analysis because it has no information on tool layout and simul-
taneous cutting.

OPEN FACE OPEN TURN TURN & FORM CUTOFF

COST OF COMBINATION = MACHINING COST + TOOLING COST
+ TOOL CHANGE COST + MACHINING OVERHEAD COST

FIGURE 31. T00L COMBINATION SUBNETWORK
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When there are no simultaneous cuts, the cutting time for an operation with
a particular sequence of cuts is the sum of all cutting times, turret indexing
time, traverse time between cuts and tool setup time.
CPPP adds machine setup time and part handling time to calculate an estimate
of total operation time for that combination of tools on the machine. tool.
CPPP uses the total operation time for selecting the machine tool
Strictly speaking, only the cutting time is relevant to analysis of the tool
combinations on a machine; the addition of a constant amount of noncutting
time does not affect which combination is selected.
the total cost of the operation for the tool combination being considered and

not Just the cutting tool. The cost of the operation includes the cost of cut-

gauges and fixtures.
The

p

In future extensions of the

tools.

and ¢

) =t,,511+Lt+L +

time of the operation
setup time

traverse time between
indexing time

lot. size

piece handling time

Costs are given in dollars and times
of a cut,

calculations.

To the cutting time

Similarly, CPPP estimates

ting and noncutting time plus the cost of consumed tools and specially ordered
Durable tools include control cams and NC tapes as
This information is not all present in the current CPPP
actual formulas used are

(per piece)

+ Can
tl') C&:“ i

ot

The values
3 are those previously calculated in Section 2.3.5.
ing and lnd‘exing t,\fmm‘: are outside the current CPPP analysis and are set to
The remaining values are at present retrieved from the CPPP data base,
into which process planners must insert actual values or estimated averages.
CPPP machining analysis capability, many of these,
as well as traverse and indexing times, could be determined by standard time

cost

(pvr pi ece)

the operation

' a single cut
durable tooling
labor ($/hr)
machine (§/hr)

a single cut

time and cost
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2.3.T Select the Best Detailing of the Operation i

So far this discussion of the CPPP detail planning cycle has descended in 3
detail to the deepest level to analyze individual cutting tools. It has then :
stepped back up one level to analyze the use of a particular candidate combina- :
tion of tools. This was all done for a particular cut sequence candidate
on a particular machine tool candidate for the operation being detailed. These
analyses are repeated many times to cover all combinations of alternate candi-
dates. When each level of analysis is completed, CPPP makes a process decision.
There are three levels at which decisions must be made.

Sk

1. FEach candidate cut sequence may have several candidate tool combina-
tions. When each tool combination has been analyzed and assigned time
and cost estimates, the best tool combination is chosen. (The process
planner must inform the system at the start whether he wants "best"
to mean least time or least cost.) Its time, cost, and detailing
information become the detail data for that particular candidate cut
sequence and are saved while CPPP analyres other cut sequence

R

candidates.

l 2. After each candidate cut sequence has been analyzed by detailing its
candidate tool combinations and selecting the best, CPPP selects the
best cut sequence. The time and cost data for each are reviewed to

' find the best one. That sequence with its tools becomes the tentative
detailing of the operation on that particular machine tool and is
stored for later consideration. CPPP then repeats the detailing pro-

' \ cedure on the remaining machine tool candidates.

3. When a cut sequence, tool combination, and the resulting time and
cost have been determined for each machine tool candidate, CPPP
selects the machine to use for the operation. Again this is the
candidate with the lowest time or cost. The detailing on the chosen
candidate becomes the final detailing of the operation.

This procedure of economic analysis is repeated for every metalcutting
operation. Nonmetalcutting operations are handled similarly but much more
simply because there is no cut sequence or cutting tool combination. When the
last operation has been detailed, the detailed operation plan lacks only final
dimensions and tolerances for the intermediate workpiece geometry of each
operation. Subsequent subsystems of CPPP calculate dimensions and tolerances
and produce the finished process plan. The methods used to calculate dimen-
sions are described in the next section.
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2.4 Calculation of Dimensions and Tolerances
3 The purpose of a process plan is to provide instructions to the workship
: telling how to make a part. A portion of the instructions for a machining
3 operation specitfies the machine to use, the tools to use, and the part
features to machine. Another vital portion of the machining instructions
gives the size of features and their location relative to some other features.

It each feature is machined only once and is machined after its location
reference (datum) features have been machined, this is a rather simple matter.
The part print dimensions can then be used directly. For example, the simple

o 1a ]

part in Figure 32 could be planned as follows:
Op. 10 - Size blank to dimensions A and B

Op. 20 = Cut left step to dimensions C and D

Op. 30 - Cut right step to dimensions C and E

b—n—.i
fr—— > ——{
———— > ———

| : ] 1
® :

BLUEPRINT DIMENSIONS OPERATION 10

e

P o
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OPERATION 20 OPERATION 30

FIGURE 32 MACHINING TO BLUEPRINT DIMENSIONS
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However, if the right step is cut first it cannot be measured at dimension E
from the left step, because that does not yet exist. The calculated dimen~
sion (D + E) must be used, as shown in Figure 33. This simple example
illustrates the basic problem of workpiece dimensioning.

r‘—n—.‘

>
t—y

iy . |
| = a—————~———1
BLUEPRINT DIMENSIONS OPERATION 10

e o]

OPERATION 20 A OPERATION 30 A

FIGURE 33. MACHINING TO CALCULATED DIMENSIONS

Dimensioning is only one aspect of locating; the other is tolerancing.
It is impossible to achieve or to measure un exact dimension. The dimension
"1 in." might be taken to mean less than one and one half inches, between
0.95 and 1,05 inches; etc. Manufacturing requires a more explicit statement
of dimensional tolerance, usually in the form "C * ¢"., This means that the
actual dimension must be between C~c and C+c. When tolerancing is applied
to the example of Figure 32, Operations 20 and 30 above would be modified
touse C t ¢, D+t d and E ¢t e,
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Now, if Operations 20-A and 30-A are used as in Figure 33, the calcu-
lation is more complicated. The toleranced step height is still C £ c.
The nominal dimension across the major diameter is still (D+E), but what
tolerance should be required? 1If (D+E) + e were used for the cut on the
right step and subsequently D t d were used for the cut on the left step,
the tollowing "worst case" situation could result:

1. First cut machined to (D+E) + e -- in tolerance
2. BSecond cut machined to D-d -- in tolerance
3. Resulting flange width is

[(D+E) + e] - [D-d] = E + e + d —- out of tolerance.

To maintain finished tolerance e, the machining tolerances t and d must
satisty the following inequalitites:

1.  [(D+E) + t] - [D-d) = E+t+d < E+e, where d<d

2. B-e < [(D*E) - t] - [D-d] = E~t-d

This means (t+d) must not be greater than e. In general, t = e-d would be
used. However, if this resulted in a very small or negative value, the machine
could not hold the tolerance. Thus, the value of d would have to be reduced

to d which is smaller than blueprint. . This case provides a simple introduction
to the problem of workpiece tolerancing.

2.h.1 Machining Diameters

!

Diameters present the most simple requirement for dimensioning and
tolerancing. The dimension of an external diameter decreases by the amount
of stock removal for the cut. The dimension of an internal diameter or a
hole increases by the amount of stock removal. 1If the diameter is only
machined once, the final dimension can be assigned directly from the part
print. If machined more than once, its dimension on the final cut is the
final part dimension. The dimension on previous cuts is determined by
adding the stock removal back on for external diameters (or subtracting
back off for internal diameters and holes).

For example, consider the following cuts on an external diameter:

Op. 20 ~ Rough turn (from solid)

i
Op. 50 « Finish turn .000 stock removal allowance
Op. 90 - Semi-tinish grind . 020 stock removal allowance

Op. 110 - Finish grind .010 stock removal allowance
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If the final dimension were 2.000, then that is the value for Operation 110;
and the previous values are 2,010 for Operation 90, 2.030 for Operation 50,
and 2.090 for Operation 20, If this is the largest diameter and the part

is made from 2,250 barstock, then the stock removed in Operation 20 is

0.160 inches off the diameter (0.080 off radius).

Since a diametral dimension is measured from one side to the other of a
cylindrical surface or hole, there is no locating reference surface to worry
about. Thus, there is no tolerance buildup problem. The tolerance on the
final cut is the value on the part print. Any tolerances can be assigned
to previous cuts provided they are consistent with machine tool capability
and the desired amount of stock removal.

Figure 34 shows the relationship between tolerance and stock removal.
Every cut starts with a previous dimension and tolerance, P * p, and ends
with a subsequent dimension and tolerance, S + s. Stock removal is nominally
the difference of the dimensions, R = P-S; but the actual stock removal may
range anywhere from a maximum of (P+p)-(S-s) to a minimum of (P-p)-(S+s). It
is bad practice to allow the maximum to get too large. It is absolutely
essential to prevent the minimum from getting too small. Too much stock
removal may result in excessive machining time. Too little stock removal

PREVIOUS CUT ON DIAMETER SUBSEQUENT CUT ON DIANETER

R : A+p+s

FIGURE 34, RELATIONSHIP BETWEEN TOLERANCE AND STOCK REMOVAL
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can result in bad surface finish or form conditions. Suppose A is the
minimum actual stock removal required to remove scratches, correct for out-
of-round, and insure cutting rather than plastic deformation of the workpiece
by the tool. Then for automatic machines set to cut at a fixed diameter:
(P-p)=(S+s) 2 A, i.e.,R=P-S 2 A+p+s. (For manual machining using a fixed
stock removal rather than a fixed cut diameter, it is only necessary that
(P-p)-(S-s) 2 A and hence that R 2 A+p-s.)

2.4.2 Machining Faces

Vertical part faces step from one diameter to another or from the end
surfaces for cylindrical parts, Although faces follow the same general theory
of dimensioning and tolerancing as diameters, they present additional
difficulties.

Faces, like diameters, require coordination of nominal stock removal
with tolerances to assure adequate actual stock removal. But calculating
the lateral dimension of a subsequent cut from knowledge of its stock
removal and of the dimension of the prior cut is different than for diameters.
Whether the surface is external or internal makes no difference in the
calculation for faces. Whether the stock removal is added or subtracted
depends on the material side of the face and the position of the reference
surface, as shown in Figure 35. FEach part surface is a boundary between
the part material on one side and air on the other. The material side of
a face is "left" if the material is on the left and the air on the right,
and the material side is "right" if the material is on the right and the air
on the left. If the material side is the same as the direction from the
face to its reference surface, stock removal is subtracted from the prior
dimension because the distance is decreased. If the material and reference
sides differ, the stock removal is added to the prior cut to increase the
dimension,

This analysis of adding or subtracting stock removal on a face is
only an introduction to the real problem. In fact, this analysis is valid
only for the simple case in which two successive cuts on the same face
are made from the same reference surface with no intervening cuts on that
reference surface. In any more complex case, it is necessary to add or sub-
tract several cuts and stock removals to find out what the dimension
between the cut surface and reference surface was before the cut. After it
is found, this prior dimension plus or minus the stock removal gives the
dimension after the cut. The tolerance of the new dimension is the machining
tolerance of that cut, plus the machining tolerances of every cut used in
calculating the dimension prior to the cut.
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=5 INCREASES
- DECREASES l
REFERENCE ;;fj
ON LEFT
MATERIAL " MATERIAL
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o INCREASES
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FIGURE 35, RELATIONSHIPS BETWEEN MATERIAL

REMOVAL, REFERENCE SIDES AND
DIMENSIONS. The increase/
decrease of dimensions is shown

as a function of material location
and reference side.
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The analysis of lateral dimensioning, for both the simple and complex
cases, has proceeded forward from a prior dimension to a subsequent dimen-~
sion. In practice, the calculations are mostly done backward, starting from
the final part dimensions. So the formulas that result from the analysis are
inverted to solve for prior dimensions when subsequent ones are known,

With manual process planning it is sometimes possible for the process
planner to keep track mentally of all dimensions involved in calculating
a prior-to-cut dimension and to make the correct calculation. However,
this method is very susceptible to human error and is not well adapted to
step by step checking. To remedy this, the process planner often uses a
tolerance chart. The tolerance chart, shown in Figure 36, records each
step in dimensioning and tolerancing of machining cuts on faces. On the
form in the figure, the part outline is shown at the top, and each face
has a vertical line running down the chart. In the middle section of the
chart are arrows representing the machining cuts on faces, along with their
operation number and machine tool. The arrowhead points to the cut face,

e

and the dot is on the reference surface. At the bottom, the final dimen-
sions from the part print are shown. These have dots at both ends, as they
do not represent cuts.

Figure 37 shows the same tolerance chart completely filled out,
Blueprint dimensions 2h=27 correspond exactly to cuts 16-19 and have been
"lifted" up to them. Dimensions 28-30 are not produced directly by a final
cut and must be lifted up to balance lines 12, 14, and 10. (Note that cut
8 corresponds to dimension 29 but cut 13 intervenes thus requiring balance
line 14%.) A balance line represents a dimension calculated by adding or
subtracting two other cut or balance lines above it in the chart. The
lines that are involved and whether they are added or subtracted to produce
the balance dimension are shown in the far right column. For example,
balance 14 is the difference of cut 13 and balance 10, and balance 10 is
the difference between cuts 6 and 8. Similarly, dimension 28 traces upward
through balance 12, cut 11, and cut 8. Dimension 30 traces through balance
10, cut 8, and cut 6.

Balance lines 14, 12, and 10 result from determining the cuts involved
in establishing the blueprint dimensions. Balance lines may also be be
necessary to determine dimensions on nonfinal cuts such as 6 and 3, whose
faces are finished in 13 and 11. The pair 6 and 13 does not need balance
lines as it is the simple case of the same reference surface with no inter-
vening cuts. The lines involved column shows 13=6~13 to indicate the
length of 13 is the length of 6 minus the stock removal on 13. Balance T
is needed to subtract cuts 3 and 6 in calculating cut 11,

By solving the "equations" like 13=6-13 or 14=13-10 that are implicit
in the lines involved column, it is possible to calculate all intermediate
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workpiece dimensions. But what about the tolerances? There are three kinds
of machining tolerances. Tolerances on cuts 16, 17, 18, and 19 come

directly from the blueprint. Tolerances on cuts 6, 8, 11, and 13 combine to
form blueprint tolerances on dimensions 28, 29, and 30. Tolerances on cuts

3 and 4 do not affect blueprint tolerances at all and can be chosen to
minimize machining cost. The restricted but not totally determined tolerances,
then, are 6, 8, 11, and 13,

Tracing through the lines involved gives the following three tolerance
inequalities for solution:

v

30: 10 =26 + 8

v

29: 1L 213 +6 + 8

v

28: 12 = 11 + 8

' The best solution is the largest set of tolerances 6, 8, 11, and 13 that
satisfy the inequalities; but it is less important to have a large value
for 13, which is a grind, than for the turning cuts. The method implemented

' by CPPP for solving the inequalities starts with fixed maximum tolerance
values for grinding and for turning. Process planners must store in the CPPP
data base values for these tolerances that are loose enough to be easily

I marhined yet tight enough to keep stock removal small. The process planners
also specify in the CPPP data base a tightest allowable tolerance for each
type of machining and a step size by which the trial values are decreased

' from the starting value toward the tightest allowed value.

For example, suppose the grinding limits are .005-.001 with a step of
.002; the turning limits are .011-.003 with a step of .004; and the blue-
print tolerances are .010 for 30, .010 for 29, and .008 for 28. The initial
trial values would be

.022 (fail)

«+011 *+ 011

v

30: .010

1v
1]

29: L0110 005 + .011 + ,011 +027 (fail)

1/
n

28: ,008 005 + ,011 «016 (fail)

Decreasing one step on both grinding and turning gives

v

30: .010 2 .00T + .00T7 = .01k (fail)
29: ,010 2 .003 + .007 + 007 = .017 (fail)
28: .,008 = ,003 + ,007 = ,010 (fail)
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Decreasing another step gives

30: .010 2 ,003 + ,003 .006 (pass)

"

no
O
o
e}
<
v

.001 + ,003 + ,003 .007 (pass)

H

no
co

.
o
(@}

@
|

001 + ,003 .00k (pass)

In this case the algorithm has failed to use the total tolerance in all cases
because of the large step sizes in the example, but a solution was found.

If the tightest allowable values do not result in a solution, something is
wrong and manual intervention is required to improve the sequence of cuts

or the selection of reference surfaces, or else to allow a tighter tolerance
value.

In the discussion above on the tolerance chart, three areas were
skipped over in order to concentrate on the mechanics of the chart. These
are the selection of reference surfaces for each cut, the supplying of free
tolerances, and the determination stock removals. The selection of proper
reference surfaces is very important to the procedure because poor reference
surfaces can lead to a drastic increase in tolerance build-up, i.e., more
terms and larger values in the tolerance inequalities, The ideal situation
is to use the blueprint reference surface for the cut reference when it is
already finished and is a surface from which it is easy to locate and gauge
the cut, but that is not the usual situation. Much work has been directed
toward developing an algorithm to choose the best reference surface, but the
initial implementation for CPPP simply chooses the free, unchucked end of
the workpiece,

It is CPPP philosophy not to code into the programs any manufacturing
values, so all tolerance and stock removal values used by CPPP in tolerance
charting and dimensioning come from the CPPP workshop data base as supplied

by the process planning staff. In particular the following values are used:

l. The free tolerance to use when the next cut is of the same type
(e.g., turning followed by turning)

> The free tolerance to use when the next cut is of a different type
(e.g., turning followed by grinding)

3. The initial tolerance to use in tolerance inequalities
. The tightest tolerance allowable in tolerance inequalities

5. The increment to use for the tolerance inequalities
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0. The desired diametral and lateral nominal stock removals
Te The minimum actual diametral and lateral stock removals.

The first six of these are provided for the machine classes (lathes, 1D
grinders, hones, etc.); the last is provided for each specific machine tool.
CPPP assigns the desired removal if it is large enough (or larger than
necessary). Otherwise it adds the minimum actual value to the prior and
subsequent tolerances to get nominal stock removal,

2403 Machining Tapers and Contours

Even on parts whose surface can be generated by revolving a section
around the part centerline, there can be surfaces other than diameters
(circular cylinders) and faces (planes perpendicular to the centerline).
Among these other surfaces are tapers, chamfers, countersinks, and drill
points (all conical cylinders) plus concave and convex radii and more
general contours., These are more difficult to dimension. They are also
more difticult to generate and hence are usually finish cut from solid
whenever possible. When they are cut more than once, the stock removal
is generally a unitform band along the contour. They are usually dimensioned
by gauge points (basic diameter with toleranced lateral position or basic
lateral position with toleranced diameter) or by a series of points on the
surface (each point being a lateral X position and a diametial or radial
Y position).

The points on a contour can be dimensioned and toleranced much as any
other point, except that the change in diameter or lateral position will be
greater than the stock removal. This is because diameters are measured
vertically and lateral positions horizontally, whi.e the stock removal for
a contour is measured neither vertically nor horizontally but perpeadicular
to the contour. For tapers and radii the resultant change can be calculated
by plane geometry and trigonometry. More general surfaces require some sort

of' formula tor the contour.

Another cowplicating feature of contours is that they change position
when their adjacent surfaces are cut. This is to some extent true of simpler
surfaces, for example, a face gets shorter when the diameter above it is cut.
But it is of no concern there because the single dimension of interest
(the lateral position of a face or diametral value of a diameter) does not
change when the adjacent surface is cut. A contour is often partially, or

N

in the case of a tapered surface completely, determined by both the lateral
tion and diametral value of its intersections with its neighbors. Ior
fore are often dimensioned by width and height, and whenever

yeent face or diameter is machined the chamfer gets shorter.

e s s —— e o
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The CPPP system now in the demonstration phase has concentrated on
using stored process logic to determine operations in the initial planning
cycle. Substantial work has been done on the remainder of the system, but
the dimensioning and tolerancing areas are not yet complete, While the
tolerance charting code works for faces and diameters, it is still in the
process of being extended to tapered surfaces and contours.

2.4 4 Stock Growth and Distortion Processes

It is known that there are operations such as plating, coating, and
hardcoating in which the entire part surface grows outward by some uniform
amount. This growth has a process tolerance Just as om'h cut has a
machining tolerance. However, CPPP is not yet equipped to dimension and
tolerance stock growth operations. It is also not equipped to refigure
tolerances after stress relief and other processes that result in part dis-
tortion but have no predictable change in nominal dimensions. These are
areas for future work following the addition of tapers and contours to the
tolerance charting subsystem,

2.5 Man-Machine Communications

Fully automated process planning for the full spectrum of machined parts
is beyond the capability of current technology -- and will remain so for years,
It is therefore necessary that a computerized process planning system offer a
convenient, effective means of human oversight and intervention. This section
describes the CPPP capability for man-machine communication. Appendix B gives
detailed documentation and illustrations of CPPP's interaction capabilities.

2.5.1 The Process Planning Terminal

.

The CPPP communication medium is a low cost terminal with line-drawing
and text capabilities that can be located away from the computer in the process
planning area. CPPP has been designed so that no computer skills are required
for the process planner to operate the system and process planning, &s seen
by the user at the terminal, progresses in a familiar manner. Part sketches
are heavily used to communicate the status and progress of planning. Communi-
cation is conversational. Response to user input ranges from almost instanta-
neous to a few seconds if adequate computer support is provided. Several
levels of interaction are available -- the process planner can choose anong
these according to the completeness and correctness of the manufacturing data

base, his confidence in CPPP, and his own work habits,

The terminal is connected to a general purpose computer system on which
CFPP is implemented. TIn response to directions input at the terminal, the
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computer system accesses data in the manufacturing data base, uses this data

to execute CPPP code, transmits graphic displays which inform the process
planner of the status of planning and options available to him, and stores the
process plan data that are generated. CPPP is currently implemented for
TEKTRONIX 4006, %010, 4012, and 4Ol graphic terminals. These may be connected
to the computer by voice-grade (telephone or intercom) lines or by more spe-
cialized lines. The terminal may be very close to or distant from the com-
puter.

2.5.2 CPPP Modes of Operation

The process planner can choose among three CPPP modes of operation which
offer different degrees of user involvement. Confidence in the CPFP data
base, especially process decision models, will usually determine the desired
mode.

The highest level of automation is fully automatic process planning. In
this mode CPPP uses coded manufacturing rules, other manufacturing data, and
part designs to generate complete process plans without human intervention.
Most obviously, this level is used to prepare process plans when there is full
conficence in the system. When confidence is less than total, it may be
practical to use this mode to generate a "first pass" plan which can be
studied before generating a final plan and also for make-or-buy, producibility,
and cost estimating studies.

[f the data base is somewhat less than complete or there is not Full
confidence in its correctness, semiautomatic process planning is appropriate.
In this mode, process planning is performed by CPPP with the user overseeing
and, to the extent desired, modifying the plan as it is developed. The user
may select the degree of supervision he wishes to exercise by specifying the
points at which he desires to interact with the system. (See the discussion
of interaction points below.)

when process decision models are unavailable or the process planner
wishes to investigate radically different processes, interactive process
planning may be used. In this mode the user supplies the sequence of opera-
tions, after which the system helps to provide a detailed plan for each
operation. As with the semiautomatic mode, various degrees of interaction
are available.

2.5.3 Interaction Points

There are fifteen major points where the user can interact with CPEPy 1o
describe the role of these interaction points, a skeletal review of the sys-
tem's processing is appropriate. Figure 38 gives a high level view. The
process planner initiates a CPPP session by entering basic data and instruc-
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TERMINATE
PROCESS PLANNING
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FIGURE 38. OVERVIEW OF CPPP

tions. A sequence of operations is then produced (Section 2.2). For each
operation, operation type, machine class(es) or particular machine tool, setup
orientation, and surfaces to be affected are determined.

When the sequence of operations is complete, each operation is planned in
detail (Section 2.3). Alternative machine tools are identified. For each
machine tool, alternative cut sequences are generated. For each cut in each
sequence, alternative tooling is identified. The operation is then planned
for various tooling combinations, with time and cost calculated. The best
tooling combination for each cut sequence, then the best cut sequence for each
machine, then the best machine for the operation are chosen. The detailed
plan for that operation is then stored and the next operation attacked in the
same manner. Once all operations have been planned in detail, the process
plan is complete and the planning session is terminated.

Two interaction points occur in CPPP initiation (Figure 39 ).

1. Initiate Method of Process Planning. The process planner enters his name,
part number, and the desired method of process planning. In the present
system he may choose to generate a new plan, either by using process
decision rules or by defining operations manually. Resumption of a par-
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tially completed plan or editing of a completed plan could be offered in
the future.

Initiate Startup Data for a New Plan. The process planner gives lot size

and the economic criterion to be used for decision making (cost or time).
He selects the interaction points he wishes to use and the operations for
which he wishes interaction.

1
INITIATE
METHOD OF
PROCESS PLANNING

2
INITIATE
STARTUP DATA
FOR NEW PLAN

|

FIGURE 39 . INTERACTION POINTS IN CPPP INITIATION

Three interaction points are available in planning the sequence of opera-

tions (Figurelo ).

Accept/Modify Generated Operation. The data and workpiece sketch of an

operation generated by a process decision model are displayed. The user
may modify the operation in several ways: adding or removing surfaces/

features, changing the machine class(es) to be considered, changing the

setup orientation, etc. The operation may also be entirely rejected.

Interactively Define Operation. A process planner can use this inter-
action point to define a sequence of operations without using a process
decision model. The user would specity the type of operation, machine
tool or machine tool class, and surfaces to be cut in a metal removal
operation. This method of operation would continue until a full sequence
of operations had been pecified.

Accept/Modify Sequence of Operations. The sequence of operations can be

reviewed at this interaction point. The process planner has several
options available: delete an operation, add an operation, modify an
operation, or accept the sequence of operations.

e —
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3
ACCEPT ANQUHE Y
GENERATED
Pt RATION

a
INTERACTIVELY
DEFINE
OPt RATION

Y
ACCEPT MODIEY
SEQUENCE OF
OPERATIONS

]

(a)

5
ACCEPT RODIFY
SEQUENCE OF

OPERATIIING

|

(v)

FIGURE %0. INTERACTION POINTS IN PLANNING SEQUENCE OF OPFRATIONS.
If operations are generated by process decision rules,
(a) is applicable. Interactive planning is shown in (b).

Detailed planning of operations offers a number of opportunities for

interaction by the process planner (Figureyy ).

6.

Accept/Modify Machine Tool Candidates. The process planner may specify

additions or deletions to the machtine tool candidates selected by CPPP
for possible use in an operation.

Accept/Modify Cut Sequence Candidates. The candidate cut sequences

selected by CPPP to remove stock in an operation are displayed. The
user may add or delete candidate sequences.

Accept/Modify Cutting Tool Candilates. The candidate cutting tools (or
tool types) selected by CPPP for each cut are displayed. Tools may be
deleted or new ones specified.

Accept/Modify Machining Data. Machining data (e.g., depth of cut, number

of' cuts, feed, speed, time, tool life, tool material, horsepower) deter-
mined for each type of cut and tool are displayed.
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FIGURE u1.

i A 2

6
ACCEPT/MODIFY
MACHINE TOOL

CANDIDATES

7
ACCEPT/MODIFY
CUT SEQUENCE
CANDIDATES

8

ACCEPT/MODIFY
CUTTING TOOL
CANDIDATES

)
ACCEPT MODIFY
MACHINING
DATA

L]
ACCEPT MODIFY
SELECTED TOOL

COMBINATION

1"

ACCEPT MODIFY
SELECTED

CUT SEQUENCE

12
ACCEPT MODIFY
SELECTED
MACHINE TOOL

i

13
ACCEPT MODIF Y
OETALLED
OPERATION PLAN

14
ACCEPT/MODIFY
FINAL PROCESS

PLAN DATA

l
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INTERACTION POINTS IN PLANNING OPERATION DETAILS
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10, Accept/Modify Selected Tool Combination. The combination of cutting
tools selected by CPPP for a candidate cut sequence may be changed.

11. Accept/Modify Selected Cut Sequence. The cut sequence selected by CPPP
for a candidate machine tool may be changed.

12. Accept/Modify Selected Machine Tool. The machine tool selected by CPPP
for an operation may be changed.

13. Accept/Modify Detailed Operation Plan. The detailed plan for an opera-
tion is displayed, identifying the chosen machine tcol, cut sequence, and
tools. The process planner has the option to accept the operation as
planned or replan the operation with full interaction.

1%, Accept/Modify Final Process Plan Data. The entire process plan can be
reviewed in detail at the terminal before it is printed by CPPP. The
process planner has few options at this point in the present system.
Enhancements can be added in the future that will enable a process
planner to selectively add, delete or modify operations.

Termination of a CPPP session involves a single interaction point.

15. Terminate Process Planning Session, The process planner has the option
to request the type of process planning documentation to be produced by
CPPP. 1t can be the sequence of operations (summary sheet), operation
sheets, or both.

2.5.4% Levels of Interaction

Most of the interaction points described above are optional. The process
planner may choose whether to review and accept/modify the CPPP decision which
precedes each interaction point. If he elects interaction, a graphic display
is shown which exhibits the decision and offers options for viewing additional
data and modifying or changing the decision. If not, the display is by-passed
and CPPP proceeds without interaction.

The interaction points associated with initiating and terminating a pro-
cess planning session (1, 2 and 15) are not optional. Interaction at these
points is required to operate CPPP. If fully automated planning is requested
no other interaction points are used. Interaction point L is mandatory if
the interactive process planning mode is requested. Otherwise, the process
planner may choose whatever combination of the remaining points (3, 5 through
14) he desires.
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3.0 BENEFIT ANALYSIS

Analysis of the benefits of computerized production process planning was
performed as three tasks. First, benefits to metalcutting industry in general
were analyzed. In this effort, alternative computer capabilities were con-
sidered. The second analysis was a case study of benefits of the demonstra-
tion CPPP system to the Hamilton Standard Division of United Technologies
Corporation. Third, benefits of CPPP were projected to industry producing Army
missile components and other defense items.

3.1 General Industry Benefits1
A survey was mailed to 153 metalcutting companies. Data on process
planning methods, associated costs, and the expected savings/costs of comput-
erized process planning were requested., The response to the survey was used

as the basis for an analysis of benefits of the technology.

3.1.1 Industry Survey

The survey consisted of three sections. The first section described the
purpose of the survey and provided definitions needed to complete it. The
second section requested information which would characterize the company, its
products, and other relevant parameters--process planning methods and costs,
current and planned usage of computer aids to process planning, machining
costs, tooling costs, etc. In the third section, three different levels of
process planning automation (Systems 1, 2 and 3) were described. Fach company
was asked to estimate benefits over manual process planning, implementation
costs, operating and maintenance costs, and obstacles to implementation for
each system,

System 1 provides a capability to retrieve process plans using part
classification coding or group technology. The system also helps produce
process plan documentation. Every machined part is assigned a code number
which classifies its geometry and machining requirements. The code is used to
access computer-maintained data files that can be examined by a process plan-
ner to ascertain whether the process plan of a given part is currently avail-
able, can be prepared by modifying an existing process plan for a similar part,
or must be created from scratch. The planner uses the information uncovered
when manually producing a process plan for the part, Once the process plan is
manually prepared, the machining and other process steps are coded into the
computer by keypunch operators., The computer produces hard copy documents for

the shop.

1The work reported in this section was largely performed by the IIT Research
Institute,
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System 2 offers the capabilities of System 1 plus interactive modification
of existing plans, automatic determination of machining parameters (feed, speed,
etc.) and times, and automatic documentation (without workpiece sketches). It
contains a computerized data base which allows the retrieval of lists of parts
belonging to the same part family, standard process plans for a particular
family and process plans for an existing part number.

System 3 provides semi-automatic process planning with computer generation
of operations. This system is considerably different from the previous systems
in several respects. One of the major differences is that it has a generative
process planning capability. The system contains decision logic concerning
process planning. It can produce most or all of the process plan for a specific
part without relying on modification of a standard process plan for a similar
part. (However, this system could also operate in the same mode as System 2.)
System 3 has an extensive data base containing process decision logic, machine
data, tooling data, and machinability data. The process planner may use a
graphic terminal to review and modify the system's planning. Documentation is
automatically produced.

3.1.2 Response to Survey

Twenty-one companies responded to the survey (Table 3 ), Four are missile
prime contractors or subcontractors, eight are nonmissile aerospace companies
and nine are nonaerospace.

TABLE 3., COMPANIES RESPONDING TO GENERAL INDUSTRY SURVEY

ACF Industries, WKM Valve Div.

Beckman Instruments

Bell Helicopter

Boeing Commercial Airplane Company
Borg-Warner

Deere & Company

Fairchild Republic

General Dynamics, Pomona Div,

Giddings & Lewis Machine Tool

The Gillette Co.

Hughes Aircraft

International Harvester

Lockheed~Georgia

Lockheed Missile & Space

Midland-Ross Corp., Surface Combustion Div,
Sundstrand Aviation, Div. of Sundstrand Corp.
United Technologies, Chemical Systems Div,
United Technologies, Hamilton Standard
United Technologies, Sikorsky Aircraft
Vought Corporation, Michigan Div,
Westinghouse Electric Corp., Large Turbine Div.

a0
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The survey requested estimates of the percentage of total value of products
shipped which represents machined parts. AlsO, information was requested which
could be used to getermine the fraction of machined parts manufactured in-house.
Average responses are shown in Figure W2 . Roughly one—quarter of the cost of
products is in machined parts. Cylindrical parts account for more than half

this portion. About three quarters of machining is doneé in-house.

30%

20%

10%

0%

TOTAL cY L\NDR\CAL NON-—
cY L\NDR\CAL

FIGURE L2, MACHINED PARTS AS A PERCENTAGE oF PRODUCT VALUE
Full shading represents parts fabricated in-
house. partial shading shows purchased parts.

. geveral questions were asked concerning 10t sizes and number of lots per

ﬂ years Figures 43 and Lk summarize the results for cylindrical parts. (Noncylin=

‘ drical results did nob differ significantly for this question or for others
di:cussed below. Therefore, only responses for cylindrical parts are

l presented.) The gypical part cabricated by & respondent is made in
lots of less than 100 pi with two to ten lots produced per year-
perospace respondents r and smaller 1ots than

!
i& nonaerospace.
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80% i
80% b

60% —

40% f—

16%

20%

4

0% ; 3
1-100 100—-1000 OVER 1000

FIGURE 43. LOT SIZE DISTRIBUTION

75%

63%
60% :

45%

30%

15%

0%

1 2-10 OVER 10

FIGURE 4N, NUMBER OF LOTS PER YEAR FOR A PART
Some responses did not total to
100% because parts not made in a
year were included.

The survey requested estimates of the portion of manufacturing costs
for parts produced in-house which were attributable to process planning, direct
labor, material, tooling, scrap and rework, and overhead and profit. The
average responses are shown in Figure b5. There was considerable variation in
responses to this question. Process planning costs were generally higher for
missile and other aerospace manufacturers than for nonaerospace companies,
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PROCESS
PLANNING

(8%)

DIRECT LABOR
(28%)

MATERIAL
(23%)

OVERHEAD, PROFIT, ETC.
(30%)

FIGURE 45. BREAKDOWN OF MANUFACTURING COST
FOR MACHINED PARTS. The chart
shows average response to the
general industry survey.

Process plan preparation can be divided into three activities: planning
for a new part, modification of existing plans, and planning for study purposes
(cost estimates, make/buy studies, producibility analyses). Table L shows
relative frequency and costs for the three activities., The survey showed
that aerospace manufacturers expend a larger portion of process planning costs
for studies (20 percent vs. 5 percent for nonaerospace companies).

TABLE L. TYPES OF PROCESS PLANS AND THEIR COSTS

Average
Type Frequency Cost
Plan for New Part 39% $L02
Modified Plan 39% $166
Study Plan 2% $124
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A tunctional breakdown of costs for new process plans was also requested
in the survey. The average response is shown in Figure 46. Costs are well
distributed over the various functions. Determination of operation sequences
and preparation of operation sheets are the costliest activities.

DETERMINE
TIME STANDARDS
(9%)

DETERMINE OPERATION
SEQUENCES
{22%)

ANALYZE
TOLERANCES

SELECT MACHINE
AND EQUIPMENT
(7%)

SELECT TOOLING, GAGES, ETC.

PREPARE TOOL
ORDERS
(6%)

DETERMINE
PROCESSING
PARAMETERS
(9%)

PREPARE OPERATION SHEETS
(16%)

FIGURE 46. BREAKDOWN OF PROCESS PLANNING COSTS FOR NEW PROCESS PLANS.
The sum of the component costs is less than 100% because
some respondents included other functions.

The respongses to the survey clearly indicate that industry is receptive
to computerized process planning. Many respondents are currently using sowe
form of computer assistance. A majority said they plan to introduce new aids
or increase the scope of current ones in the next two years.

A major portion of the survey was devoted to the potential impact of the
three computericzed process planning systems. Given a description of the
systems, the recipients were asked to estimate potential savings and costs
to implement and maintain the systems. They were also requested to evaluate

intancible benefits of the systems.
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The average estimated cost savings for the systems are shown in-Table 5
The potential savings for each system are significant. System 1, the least
sophisticated from a technological standpoint, had the smallest potential
savings. Systems 2 and 3 showed increasing savings potential, in keeping
with their greater capabilities.

TABLE 5. POTENTIAL COST SAVINGS FOR CPPP SYSTEMS

Cost Area System 1 System 2 System 3
Process Planning 28% 39% 58%
Material 3% 3% L%
Direct Labor 5% % 10%
Scrap & Rework Lu% 6% 10%
Tooling 5% % 12%
Work in Process 2% L% 6%

The savings estimates of Table 5 and the cost breakdown of Figure 45
were merged to calculate estimated savings in overall fabrication costs. The
projected savings were 4.3 percent, 6.5 percent, and 9.6 percent for Systems
1, 2 and 3, respectively (Figure 47). It should be noted that the calculation
assumed no impact on overhead costs. In practice, reductions in nonoverhead
costs should be accompanied by some reduction in overhead costs.

The average estimated costs to install and maintain the systems are shown
in Table € . Most companies felt that hardware such as interactive terminals
and interface equipment would be required for Systems 2 and 3; however, it
was apparent that costs for complete computer installations had also been
included in some responses. Therefore, average hardware costs were much higher
than anticipated. 1In all cases, as the systems became more complex and power-
ful, the implementation and maintenance costs increased.

The impact of the three systems in less tangible areas was also evaluated.
In the first survey, the companies were asked to rate each system on a scale
from -2 to +2, with -2 implying a significant negative impact and +2 a signi-
ficant positive impact. The average responses for each system are shown in
Table 7. Each system showed a favorable impact in all areas. The most
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plans, reducing

favorable impacts were in increasing the uniformity of process !
process planning leadtime and improving cost estimating procedures. The in- j
{

{

I

.

crease in expectations from System 1 to System 2 to System 3 is readily

apparent.

10% 9.6%

8%

6.5%

6%

09| i :

SYSTEM 1 SYSTEM 2 . SYSTEM 3

FIGURE NW{. ESTIMATES OF OVERALL FABRICATION COST
SAVINGS FROM COMPUTERIZED PROCESH
PLANNING

TABLE 6. AVERAGE ESTIMATED INSTALLATION AND
MAINTENANCE COSTH FOR CPPE OYSTEMS

L Lo Area Bystem 1 Qystem O vystem 3
Hardware (nonrecurring) $ho K STLT XK $olk K
Bstablish Data Files, 5l Lh8 307
Training and Testing
{(nonrecurring)
} L)
: Program Maintenance and 39 50 103
Updating Data Files
(recurring)
R R | SN ok AR Sl
!
f
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j ' TABLE 7. IMPACT OF COMPUTERIZED PROCESS
PLANNING IN INTANGIBLE AREAS
l Average Ranking
System 1 System 2 System 3
. Production Leadtime 0.86 1.30 1.47 ‘
| Process Planning Leadtime 1.24 1.5 1.89 ;
{
Machine Utilization Qi 51T 0.85 1.4 |
| |
Product Quality 0.38 0.hs 0.79 | j
g 1
E l Direct Labor Utilization 0.48 0.45 1.00 § ;
{ i3
é l Uniformity of Process Plans 1.48 J 0 1.89 ;
?4 Cost Estimating Procedures ot 1.32 1.79 g
| Make/Buy Decisions 0.76 1.56 1.33 |
Product Standardization 0.81 1.16 1:33 {
' ‘
Critical Labor Skills 0.29 Q.37 0.78 I
! Material Standardization 0.57 0.68 0.89 ;
l Producibility of Parts 0.55 0.65 A0l é
Plant Layout 0.43 0.65 0.84 ,
| ' Material Handling 0.62 0.79 1.06
Production Scheduling 0.80 0.95 Basil
? Capacity Planning 0.80 1.00 1.37

*Ranked on a scale of -2 to +2, where -2 = significant negative
impact, -1 = slight negative impact, O = no change, +1 = slight
improvement, +2 = significant improvement.

S
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3.1.3 Benefit Analysis

Cost benefit analyses were conducted using a discounted cash flow model.
The analyses were for a ten-year period and took into consideration imple-
mentation costs, recurring costs and savings. A 10 percent discounting rate
was used. The model also assumed a U8 percent corporate tax rate, a | percent

investment tax credit and depreciation of hardware costs by the sum-of-the- i
years-digits method. Annual cash flows, return on investment, benefit-to- !

cost ratio and years to payback were computed.

A sensitivity analysis was performed by independently varying each of

17 input variables by +10 percent and -10 percent. The impact of these changes !
on benefit-to-cost ratio, years to payback and return on investment was then
computed to determine those factors which have the largest impact on

economic pertformance.,

The response to the data survey was used to define three "model"
manutacturing environments for benefit analysis. The model companies were

defined in terms of annual product value, ftabrication cost breakdown, and
degree of part similarity. The three are descriptively termed (1) a small
manutfacturer with high part similarity, (2) a medium-size manufacturer with
rair part similarity and (3) a large manufacturer with high part similarity.
Table 8 gives the definitions of the three environments. The three environ-
ments were extracted from the survey response by an informal clustering
process. In this process, some of the data provided by a few respondents were |
not used because they were clearly unrealistic and/or failed cross-checks
built into the survey. For example, two respondentsreported overhead costs
to be zero and two gave estimates of process planning costs that appeuared
unrealistically high and were incompatible with other answers they gave.
Comparison of the cost breakdown in Figure 4% with the definitions of Table 8
shows the effect of not using a small fraction of the survey data.

The costs to install and maintain the systems and the potential cost
reduction factors were estimated for each ot the three manufacturing scenarios.
The cost reduction factors used in the analyses are given in Table 9. These
are in close agreement with, but not identical to, the response to the survey
(Table 5 ). The small differences between the two reflect the Contractor's
assessment ot the three systems.

The survey did not request a detailed implementation plan for cach
system. Furthermore, the respondents' estimates of total implementation and
maintenance costs varied greatly. Therefore, the costs of implementing and

maintaining the systems and the rate at which the ultimate benefits of Table
9 could be achieved were based on the Contractor's Judgment. No software
development or purchase costs were included in the analysis. It was assumed
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TABLE 8. TYPES OF MANUFACTURERS

GED IN BENEFIT ANALYSIS

The parameters below were used for both cylindrical
and noncylindrical cash flow analyses.

Type of Manufacturer

Parameter

Small /Highly
Similar Parts

Medium/Fairly
Similar Parts

Large/Highly
Similar Parts

Annuat Value of
Parts Produced

Work in Process Inventory

Parts Impacted by System
(By Dollar Value)

Process Planning Costs
Direct Labor Costs
derap and Rework Costs
Tooling Costs

Material Costs

Overhead and Fee

$5 Million

$2.5 Million

90%

L%

$10 Million

$ 6 Million

80%

50%

$50 Million

$25 Million

90%

TARLE 9. CPPP COST REDUCTIONS USED IN ANALYS

ES

System 1

3

System

System 3

Process FPlanning
Direct Labor
Serap and Rework
Tooling

Material

Work in Process Inventory

%0%

60%

10%

10%
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that software would be provided without cost. Hardware costs for terminals,
printers and interfacing equipment were included. Costs for computer usage
were based on charges for time used rather than the purchase of computer
systems.

Thirty-six analyses were performed. For each type of manufacturer and
for the composite of companies responding to the survey, benefits were cal-
culated for each system and for cylindrical and noncylindrical parts. Each
cylindrical analysis was performed for two rates of attaining benefits, the
second usually more optimistic than the first. Table 10 gives the results
of the original analyses. Results of the second set of analyses, performed
for cylindrical parts, are shown in Table 11.

TABLE 10.  SUMMARY OF CASH FLOW ANALYSIS RESULTS
FOR TWENTY-FOUR ORIGINAL CABES

Return on | Net Present

Manutacturer Parts bystem Investment Value

Large Size Cyl il 264L% $oUBUK
(High Part 2 193 3h0o
Similarity) 3 127 L200
Non-cyl 1 241 2700
2 202 3862
3 110 4837
Medium Size Cyl 1 109 388
(Fair Part 2 63 WL
Similarity) 3 38 hat
Non-cy] 1 109 375
2 61 408
3 29 345
Small Size Cyl 1 135 254
(High Part 2 60 315
Similarity) 3 8 283
Non=-cyl 1 124 269
2 59 330
3 30 203
Composite Cyl | 196 1625
2 123 eadl
3 101 3191
Non=~cyl 1 g 951
2 120 1616
3 103 2361

O s
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TABLE 11. SUMMARY OF CASH FLOW ANALYSIS RESULTS FOR
THE TWELVE ADDITIONAL CASES. These analyses
were performed for each cylindrical case using
an alternative, usually more optimistic, rate of

attaining benefits. !
|
Return on Net Present
Manufacturer Dystem Investment Value
‘
Large Size 1 31 7% $2B8TK
(High Part 2 2h3 LoO8 i
4
Similarity) 3 172 4927 ’
Medium Size 1 126 Ul
(Fair Part : 78 376
(F Part ) 8 STt
Similarity) 3 Lo 549
Small Size 1 168 299
(High Part > 1 80
Similarity) 3 50 SHt
Composite 1 198 1698
y 1) ) 351
3 80 3001

Benefits are clearly greater when volume of business and part similarity
are greater. The large manufacturer with high part similarity receives the
largest benefits. This tends to verify the intuitive opinion that volume of
business and part similarity are important economic factors., Pairwise com-

parison of the medium/similar and small/highly similar ca: does not indicate

which of these factors is more important. 1In some cases, the medium/similar
company receives grester benefits. In others, the reverse is true. Results

for the three scenarios are compared in Figure h8.

Comparison of the three systems yields mixed results. Return on invest-
ment generally decreases as system sophistication grows. On the other hand,
the cumulative present value after ten years generally increases with system
sophistication. System 1 yields the greatest return on investment in all
situations, while System 3 provides the largest cumulative present value.
Figure 49 illustrates these trends.

The more sophisticated systems require greater implementation costs but
ultimately yield greater absolute savings. However, the incremental savings
of the more sophisticated savings are smaller in proportion to the invest-
ment required. The fact that discounting places more weight on early

101
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NET PRESENT VALUE

$aMm

$3M

$2Mm

$1M

[~ $3.70m
—
$0.45M
- $0.31M
:
LARGE , MEDIUM, SMALL,
HIGH FAIR HIGH

SIMILARITY SIMILARITY SIMILARITY

RETURN ON INVESTMENT

200%

50%

208%

0%

LARGE, MEDIUM, SMALL,
HIGH FAIR HIGH
SIMILARITY SIMILARITY SIMILARITY

FIGURE L8, DEPENDENCE OF BENEFITS ON MACHINING VOLUME AND PART
SIMILARITY. Each bar shows average results for
the nine analyses performed for the manufacturing

environment .

NET PRESENT VALUE

SIMP—

$2M -

$IMM

$3.096M

$2.303M

SYSTEM 1 SYSTEM 2 SYSTEM3

RETURN ON INVESTMENT

200%

150% f—

50% —

0%

197%

SYSTEM 1 SYSTEM2 SYSTEM3

FIGURE L49. RESULTS OF CASH FLOW ANALYSES FOR
COMPOSITE OF RESPONDING COMPANIES
The graphs above are for cylindrical
parts, using the average of the two

analyses pertformed.
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investment costs and less veight on later cost savings tends to favor the
less sophisticated systems. These remarks lead to three further observations

s The estimated usetul life of the systems is important.
Calculations for each system assumed a ten-year life. The |

more sophisticated systems will yield greater savings
over a longer time period.

|
{
2. The discount factor is important. A lower ractor would !
tend to equalize investment costs and savings, The appeal
of a more costly, more capable system would be greater
under these circumstances.
3. When return on investment and present value conflict, i
external factors must be weighed. Capital availability, ]
risk and the promise of other potential investments are i
eritical, i
The data and analyses reported above suggest that computer-aided i
process planning is economically promising. Rowever, the reader is caulioned ?

that the analyses were performed for generalized manufacturing situations,
using data obtained by survey and the judgment of the Contractor. Expected
benefits rfor any particular company must be determined as a function of that
company 's own operations and environment.

1

> N "

.  (Case Study of CFPP Benefits

Results of a study of CFPP benefits rfor the Hamilton Standard Division
of United Technologies Corporation are presented below. Hamilton Standard
has participated in the development of CPPP since 1074, acquiring an under-
standing of the system's capabilities and its potential savings and costs.

The company is a sizadble manufacturer of machined parts for aircraft systems
such as fuel controls, environmental control systems, and actuator controls,

Cylindrical parts account for approximately 40 percent of machining costs.

Estimates of costs and savings were made for two CFPP capabilities. The
tirst is the basic CPPP system demonstrated under the present contract. The
second is a more advanced system incorporating the improvements listed below.
An analysis of the second system was done to show the benefits achievable

through continued development of the technology. $

L Coamplete dimensioning and tolerancing of machined parts
L4 Complete processing of noncylindrical features

l'I‘he Hamilton Standard Division of United Technologies Corporation partici-
pated in the work reported in this section.
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S Selection of standard procedures

4. Selection of specific cutter tools

Dy Calculation of standard times and costs
6. Selection of holding and inspection tools
< Advanced machining analysis

Figure 50 shows the average cost breakdown for manufacturing machined
parts. CPPP is estimated to have a direct cost reduction impact on three of
the cost components shown: process planning, direct labor, and tooling.
These components account for 43 percent of production cost.

TOOLING (7%)

PROCESS PLANNING (B%)

SCRAP, REWORK (4%)

DIRECT LABOR (28%) \ MATERIAL (23%)

FIGURE 50 . COST BREAKDOWN FOR MACHINED PART MANUFACTURING

planning for cylindrical parts sampled in the study

of 10% manhours. (This includes the setting of standard
times and costs.) Figure 51 shows a breakout of this total by function. The
impact of CPFP on each function was evaluated to yield the labor requirements
The basic CPPP capability is estimated to reduce labor

Manual process
required an average

given in Table 12 .
for a new plan by 39 percent to 63.5 manhours. The labor requirement is
5 hours using the advanced CPPP, a 79 percent saving.

eastimated to be 21.
Figure 52 illustrates these totals.

-
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DETERMINE
STANOAROS

CLERICAL
TASKS

SELECT
TOOLING,
GAGING

PRODUCE
SUMMARY
SHEETS

PLANNING.

DETERMINE
DRAWING OPERATION
REVIEW SEQUENCE

SELECT
MACHINES

DETERMINE PROCESS

PARAMETERS, PREPARE
OPERATION SHEETS

TABLE 12. CPPP IMPACT ON PROCESS PLANNING

TOLERANCE
ANALYSIS

FIGURE 51. LABOR REQUIREMENTS FOR MANUAL PROCESS
(Numbers show manhours. )
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104

100 |—

7% 63.5

MANROURS
x
(=]
]

25 P

MANUAL DEMONSTRATION  ADVANCED CPPP
CPPP

FIGURE 52. CPPP IMPACT ON PROCESS PLANNING LABOR

The process standardization resulting from use of CPPP is expected to
yield significant reductions in machining costs. Operational experience with
the system is needed before these savings can be quantified with confidence.
It is currently estimated that a 2 percent to 7 percent reduction in machine
operator labor will be obtained from the demonstration CPPP system.

The enhanced CPPP system offers additional savings in the shop.
Optimization of the machining process is expected to increase operator savings
to between 5 percent and 15 percent. ' The tool selection capability will
yield savings due to standardization, and machining optimization will result in
longer tool life. Savings from standarization and reduced cutter consumption
are estimated at 3 percent to 10 percent of costs for cutting tools. Figure
53 illustrates CPPP savings in the shoo.

Recurring costs for computer use, system maintenance, and data base
maintenance will partially offset the savings discussed above. Average com-
puter costs for a process plan are estimated at $105 for the demonstration
CPPP and $155 for the advanced system. Maintenance of CPPP programming and
the large data base will require programmer/analyst labor, process engineer
labor, and computer usage. Table 12 shows the expected level of effort.

It should be emphasized that those figures do not include the substantial
effort required to install CPPP and build the necessary data base.
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DEMONSTRATION

ADVANCED CPPP

CPPP
15% 5% — 15%
éf;//
12% —
3% - 10%
9% —
6% — 142222
3‘%1 P
0%
MACHINE MACHINE CUTTER
OPERATOR OPERATOR TOOLS
LABOR LABOR

FIGURE 53. ESTIMATED CPPP SAVINGS IN SHOP FABRICATION
Estimates were expressed as ranges. Dark
shading represents the lower end of the range;
light shading, the upper.

TABLE 13, ESTIMATED ANNUAL EFFORT FOR CPPP MAINTENANCE.

Demonstration CPPP

Advanced CPPP

System Engineers
Process Engineers

Computer Use

1/3 manyear
1/h manyear

$3,000

1 manyear
1 1/2 manyear

$6,000
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The recurring costs and savings presented above were reduced to dollars
using 1977 rates and volume of business.. Net annual recurring savings,
which do not include implementation costs, were calculated using the mean of
the range for shop savings. This yielded an estimate of $145,000 yearly
savings for the demonstration system and $350,000 for the advanced CPPP
(Figuresk). ‘

$400K

$350K
300 |—
200 —
$145K
100 (—
0
DEMONSTRATION ADVANCED CPPP
CPPP

FIGURE 54 . ESTIMATES OF NET ANNUAL RECURRING
SAVINGS FROM CPPP. These savings
were calculated uzing the means of the
ranges estimated for shop cost reductions.

A manufacturer implementing CPPP will incur significant costs in
installing the system and, especially, in developing the necessary data
base. Some training of personnel will be required. Terminals will prcbably
be purchased. Tablell gives estimates of the implementation effort. For
both the demonstration and enhanced systems, the implementation cost is
slightly greater than a single year': estimated savings as shown in Figure 54,
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TABLE 14 . CPPP IMPLEMENTATION COST ESTIMATES.
Demonstration Enhanced
CPRPE CPPP

Process Engineers 3~3/% manyears 9-1/2 manyears

System Engineers 1/2 manyear 3 manyears

Computer Use $7,000 $28,000

Terminals $15,000 $15,000

3.3 Defense Industry and Government Agency Henerjtsl

A thrre-step estimation of CPPP benefits to defense industry and Govern-
ment agencies is reported below. First, industry opinion on the potential
economic impact of the system was surveyed. Next, an analysis of CPPP impact
on defense industry was developed. This took the form of cash flow analyses
for three hypothetical manutfacturers of c¢ylindrical parts. Finally, the )
results of the defense industry analysis were used to project savings in three
procurement areas -- Army missiles, total Army equipment, and Department of
Def'ense equipment.

3.3.1 Survey and Response

The survey was mailed to 150 companies. The mailing list consisted of
defense suppliers who received the general industry survey plus additional
companies named by the Missile Command. The survey described the capabilities
of CPPP and requested data on manufacturing costs for machined cylindrical
parts. Estimates of the impact of CPPP on fabrication of cylindrical parts
were solicited: cost savings, intangible benefits, local implementation
costs and recurring costs. (The survey is shown in Appendix H.)

Thirteen companies responded to the survey (Tablel5 . Five indicated
they supply products for Army missiles and rockets, three are suppliers of
other Army equipment and all thirteen manufacture products for other
Department of Defense agencies.

1’I‘he work reported in this section was largely performed by the IIT Research
Institute.




-

R77-9L42625-14

TABLE 15. COMPANIES RESPONDING TO DEFENSE INDUSTRY SURVEY

Avco-Lycoming

General Dynamics, Pomona Div.

Grumman Aerospace

Lockheed California

Lockheed Georgia

Lockheed Missiles and Space

McDonnell Douglas Astronautics
Rockwell International

Rockwell International, B-1

Systron Donner

United Technologies, Chemical Systems Div.
United Technologies, Sikorsky Aircraft
Westinghouse

The annual value of machined cylindrical parts produced by these companies
averaged over $5 million. Process planning costs for cylindrical parts
averaged $168,000 per year. Three of the companies use some form of computer
aid in process planning.

The survey requested anticipated savings, implementation costs and
maintenance costs of CPPP for the addressees' manufacturing operations.
Table 16 gives average responses. The average reduction in overall manu-
facturing costs (including process planning) was estimated at 9.l percent.
Process planning cost savings were estimated to be 37.5 percent. Based on the
average manufacturing and process planning costs reported by the surveyed
companies, the estimated cost reductions from CPPP would yield savings of
$488,000 in manufacturing costs, including $63,000 in process planning.
Annual recurring costs were estimated at $50,000, offsetting the annual

TABLE 16. AVERAGE SAVINGS AND COSTS ESTIMATES
FROM DEFENSE INDUSTRY SURVEY

Annual Savings - - Overall 0.47 = $488,000
(Process Planning) (37.5% = $ 63,000)
Annual Maintenance Costs $ 50,000
Installation Costs ~- Hardware $116,000
Data Base and $162,000

Training
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savings by approximately 10 percent. Installation of CPPP was estimated to
require 10.4 months and $162,000. This effort includes system installation
and testing, initial data base construction, and training of personnel .

An average of $116,000 worth of new computer hardware was felt to be needed.
Responses to this question varied radically. Some respondents apparently
felt they would need larger computer installations to use the system.

In order to identify specific benefits, the survey listed several areas
in which CPPP was felt to have a potential impact. Addressees were asked
to check those items for which CPPP offers a major positive advantage.
Table 17 shows responses. The majority of the companies felt that CPPP
offers major benefits in manufacturing costs, production lead time, produc-
tion scheduling, process plan uniformity, and cost estimation. Almost half
felt that machine and direct labor utilization would improve significantly.
(The Contractor feels there will be major advantages in these two areas.)

Each company was also asked to identify possible obstacles to CPPP
implementation. Economic justitication and the establishment of initial
data bases were most often cited. Management commitment and three items
pertaining to the needed technical effort (interfacing with existing systems,
testing and debugging, system complexity and reliability) were checked by
about half of the respondents.

3.3.2 Benefits to Defense Industry

Cost benefit analyses were performed using the cash flow model described
in 3.1.3,The three manufacturing envircnments defined in 3.1.3 were analyzed
for two CPPP capabilities. The first is the demonstration CPPP. The second
is the advanced version described in 4,0. Inputs to the model (installation
costs, recurring cost, savings factors, process plan turnover rate, etc.)
were estimated by the Contractor. Responses to the defense industry survey
plus the Contractor's judgment were the primary determinants of input values.
(Tt should be noted that the CPPP system described in the survey is an inter-
mediate capability, more advanced than the demonstration CPPP but less capable
than the enhanced system.) A complete listing of inputs for each analysis is
given in Appendix H. Table 18 shows the cost reduction factors used for the
major cost areas treated. These are the ultimate savings achieved after CPPP
is fully operational.

The cash flow analyses yielded good economic performance in every
case. FiguressS and 56 show results in terms of benefit-to-cost ratios and
net present value. BEvaluation of results with respect to manufacturing
environment and system sophistication leads to the same conclusions
reached in the general industry analysis. Benefits are greater as manu-
facturing volume and part similarity increase. The analysis does not
show which of these two factors is more important. The more capable system
yields greater dollar savings. The swaller investment required for the
less capable system results in quicker payback and higher benefits-to-
cost ratio.

LEL

I ST P
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TABLE 17. RESPONSES TO THE QUESTION: WILL CPPP
HAVE MAJOR ADVANTAGES IN THIS AREA?

Area

"Yes" Response

More Uniform Process Plans

Reduced Production Leadtime
Reduced Manufacturing Costs
Improved Production Scheduling
Improved Cost Estimating Procedures
Increased Machine Utilization
Increased Direct Labor Utilization
Improved Capacity Planning

Reduced Critical Labor Skills
Improved Product Quality

Better Make/Buy Decisions
Increased Product Standardization
Improved Producibility of Parts
Better Material Handling

Better Plant Layout

Improved Raw Material Standardization

92%
TT%
69%
62%
5L
h6%
6%

L6%
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DEMONSTRATION CPPP ADVANCED CPPP
BCR
8 2.4
6
4+
2
ol i Sy R
MEDIUM,  LARGE, . MEDIUM,
HIGH FAIR HIGH HIGH FAIR HIGH
SIMILARITY SIMILARITY SIMILARITY SIMILARITY SIMILARITY SIMILARITY
FIGURE 55. ESTIMATED CPPP BENEFIT-TO-COST RATIOS FOR
DEFENSE COMPANIES FOR A TEN YEAR PERIOD.
DEMONSTRATION CPPP ADVANGRG CEm
$
5M
$4669K
AM -

BMF

400K -
200K t—
x SMALL, LARGE, SMALL, __ MEDIUM, _ LARGE,
HIGH FAIR HIGH HIGH FAIR HIGH
SIMILARITY SIMILARITY SIMILARITY SIMILARITY SIMILARITY SIMILARITY

FIGURE 56 . ESTIMATED DISCOUNTED CUMULATIVE NET PRESENT
VALUE OF CPPP TO DEFENSE COMPANIES FOR A TEN
YEAR PERIOD.
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TABLE 18. COST REDUCTION FACTORS USED IN DEFENSE
INDUS'I'RY CASH FLOW ANALYSES
Demonstration Advanced
CPPP CPPP i
Process Planning L0% B80Y
Direct Labor (Machine Operators) S% 10%
Scrap and Rework 6% 10%
Tooling 5% 15%
Material 3% 3%
Work in Process Inventory L% L%

It should be noted that the analysis above is subject to the same
uncertainties mentioned in 3.1. It is performed for "typical" manufacturing

situations and based on the judgment of companies responding to the survey
and the Contractor. Estimation of benefits to any particular detense supplier
requires careful consideration of CPPP's capabilities in relation to that
company's operations.

2

3.3.3 Defense Agency Benefits

CPFP benefits were projected to defense agencies using the assumption that
defense suppliers' savings and costs are passed along to procuring agencies.
Benef'its were estimated in three procurement areas: Army missiles, overall
Army equipment.,, and Department of Defense equipment., Discounted cash flow
analyses for the period FY78 through FY87 were performed. Inputs to the analy-
ses were drawn trom the defense industry analyses of 3.3.2, supplemented by
necessary contractor estimates.

Three analyses, offering three different points of view, were performed.
The first shows CPPP's full savings potential. Procurement savings were
calculated assuming use of the system by all defense suppliers. A second
analysis was performed, using a realistic projection of CPPF usage by industry.

In both of these analyses, it was assumed that the full investment was made
(by individual defense suppliers) at the start of the time period and that
full benefits were realized immediately. This is a common tactic for avoid-
ing problematical estimates of investment and benefit phasing. These issues
were addressed in the third analysis. An industry implementation schedule

was estimated and used in the cash flow analysic.
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The CPPP system is currently applicable only to machined cylindrical
parts. It was, therefore, necessary to estimate procurement costs for these
parts. These were estimated as the product of two factors: (1) total procure-
ment budget and (2) the percentage attributable to machined cylindrical parts.

To estimate total procurement costs, actual and projected procurement
budgets published by the Office of Management and Budget were obtained. After
considering the trends of the 1974 through 1978 budgets, it was decided that an
annual increase of approximately 10 percent could be expected. Hence, procure-
ment costs for 1979 through 1987 were estimated using 1978 as a base year and a
10 percent increase factor. The 1978 base estimates were $657 million for Army
missiles, $6.342 billion for all Army equipment, and $35.143 billion for Depart-
ment of Defense equipment.

Very few data were available on the portion of procurement costs attribu-
table to machined cylindrical parts. In the general industry survey discussed
in Section 3.1, companies were asked to estimate the value of machined cylin-
drical parts as a fraction of total product value. The average response for
missile contractors was 12.1 percent. In a case study presented at the Missile
Manufacturing Technology Conference in 1975, machined parts (including non~
cylindrical) accounted for 1L percent of the standard hours for production of a
missile.” From this evidence, it was estimated that machined cylindrical parts
represent 10 percent of Army missile procurement costs. Cylindrical component
costs for overall Army and Department of Defense procurement were extrapolated
from the estimate for missiles, Machined cylindrical parts are clearly a
smaller portion of costs in many major procurement areas of these agencies --
ammunition, weapons, tracked vehicles, ships, etc. Hence, it was estimated
that 5 percent of Army and Department of Defense procurement is attributable
to cylindrical parts.

The investment required of defense suppliers implementing CPPP and the re-
sulting benefits were derived from the analyses for "model” defense manufac-
turers. For the demonstration CPPP, implementation costs for the three
companies averaged 1.30% of annual costs for cylindrical part fabrication. The
corresponding figure for the advanced system was 2.9%%. Net savings, with full
system utilization, were 3.15% for the demonstration CPPP and 5.45% for the
advanced capability.

Cash flow analyses were performed using the parameters above and assuming
use of CPPP by all defense manufacturers. The results, shown in Table 19, give
an estimate of CPPP's potential to reduce procurement costs.

I
Peterson, R.S.: An Approach to Long Range Cost Effectiveness, Proceedings
of the U.S. Army Material Command Missile Manufacturing Conference, 1975.
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TABLE 19, PROCUREMENT COST SAVINGS POTENTIAL OF CPPP.
These savings estimates were calculated for
FY78 through FY87, assuming full use of
CPPP by defense suppliers.

Demonstration CFPPP Advanced CFPPP
e e e
Azency Undiscounted Discounted Undiscounted Discounted
(% Millions) ($ Millions) ($ Millions) ($ Millions)
Army
(Missiles) 32,129 18.878 58102 32.176
Army 155.071 §1.116 265,949 155,206
Department
o’ Defense 859.297 504,901 1473.703 860. 541
R iy =i e e s

The same method was used for a second analysis, except that a projection
of CPPP use by defense industry was factored into the calculations. Such an
estimate is, of course, highly judgmental. The survey response shows a favor-
able opinion of the system's savings potential. There are, however, many
obstacles to widespread adoption of a single system. The willingness of suit-
able organizations to commercialize the system (i.e., make it publicly avail-
able and provide marketing and user support), future enhancements funded by
industry or government, and the success of alternative systems are important
factors. Use of the system by 15% of defense industry was felt to be a
reasonable estimate. Use of this factor resulted in the savings estimates of
Table 20.

TABLE 20. ESTIMATED PROCUREMENT COST SAVINGS FROM CPPP.
These savings were calculated for FY78 through
FY87, assuming that 15% of defense industry
uses the system.

Demonstration CPPP Advanced CPPP

Agency Indiscounted Discounted IIndiscounted Discounted

($ Millions) ($ Millions) ($ Millions) ($ Millions)
Army
(Missiles) h.810 2.832 8.265 L, 826
Army 23.261 13.668 3a.8a02 23.295
Department
of Defense 128,805 T5.T36 221..055% 120,081

e i . §
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In the third analysis of defense procurement benefits, time-phased realiza-
tion of savings was considered. There are two time factors that affect the
achievement of procurement savings. First, adoption of the CPPP system by
defense industry would occur over a period of time. Second, cost reductions
obtained by an individual defense supplier are dependent on the amount of time
elapsed since that company started implementation. These two factors were
quantified by projecting a schedule of CPFP adoption by industry and by deriv-
ing time-dependent company savings factors from the analysis of 3.3.2.

Estimation of an industry implementation schedule was, of course, highly
Judgmental. It was felt that (1) implementation before FYTO is unlikely, (2)
ultimate use of CPPP by about 15 percent of defense machining industry is a
reasonable projection, and (3) implementation will occur, at an increasing
rate, over several years. This rationale yielded the schedule shown in
Table 21.

TABLE 21, PROJECTED DEFENSE INDUSTRY IMPLEMENTATION OF CPFPP.
Figures show industry using CPPP as a percentage, by
dollar value, of machined cylindrical part procurement.

Fiscal Year New Implementation Cumulative Implementation
1979 1% 1%
1080 1% o
1081 3% 5%
1982 p 10%
1983 5% 15%

The industry analysis described in 3.3.2 and Tables Hl - H18 was used to
quantify CPFP impact on company costs as a function of time. For the demon-
stration and the advanced CPFP capabilities, a cost impact factor was derived
for each year after start of implementation. This factor is the average, for
the three model companies considered in 3.3.2, of the before taxes impact on
the companies' costs for that year. For example, in the fifth year after
start of implementation, before taxes savings due to the demonstration CPPP
vere $1,186,000, $225,000, and $123,000 for the three model companies (Tables
H2, HS, and H8). These are 2.37 percent, 2.25 percent and 2.46 percent of
total costs. Hence, a reduction factor of 2.36 percent was estimated in the
cost of parts procured from companies in the fifth year after implementing the
demonstration CPPr system. Table 22 shows the factors derived in this manner.




l
RTT-942625-14
TABLE 22, PROJECTED CHANGE IN COST OF PROCUREMENT FOR A COMPANY
USING CPPP. Cost reductions/increases are shown as a
function of time since start of implementation. Positive
numbers indicate increased costs; negative, reduced,
s — el
Year Demonstration CPPP Advanced CPPP
1 + .79% + 1.05%
2 + .50% + 1.60%
3‘ - .S l;"' o ~?h%
h -1.06% - 1.65%
5 -2,.36% - 3.64%
O -3.15% - h.9k%
7,8, etc. -3.15% - 5.45%
RS- =
The implementation schedule of Table 21 and the time-dependent cost

change

where
¢ =
K =
P, =
N
}.‘ =
N

Table 23
curement

factors
through FY87.

a9

of Table were used to project procurement savings for FYT9Q
Savings for each year were calculated by the formula

S = C» I:P’F

N NN

savings in cylindrical part procurement in a procurement area

(Army missiles, overall Army equipment, or Department of Defense
equipment.)

estimated cost (before CPFP impact) of cylindrical part procurement
number of years since start of CPFP implementation
year of using CPFP (Table 21)

: o3 ; th
the portion of industry in the N

th
the cost change factor for industry in the N
(Table 22)

[

year of using CFPP

shows total savings for the period for each CPPP capability and pro-
Tables H19 - H2W give details of each analysis.

arcea.




R77-9k2625-14

TABLE 23, PROJECTED SAVINGS IN DEFENSE PROCUREMENT USING
ESTIMATED SCHEDULE FOR CPPP IMPLEMENTATION
BY INDUSTRY. These savings for the period FYT78 -
FY87 were calculated using the industry imple-
mentation schedule of Table 21 and the phased
cost changes of Table 22.

Demonstration CPPP Advanced CPP

Agency Undiscounted Discounted Undiscounted Discounted

($ Million) ($ Million) ($ Million) ($ Million)
Army
(Missiles) 1.463 .627 1.974 .801
Army T.065 3.027 9.526 3.863
Department of
Defense 39.1L47 16.773 52,785 21.hok

There is a striking difference between the results in Table 20 and those
in Table 23. This is primarily due to the short period of system usefulness
implicit in the latter analysis. In that analysis, the average period of CPPP
implementation and use is only six years. In the first two or three of these
years, implementation costs exceed savings. Hence, there are only three or
four years during which savings are obtained. In the analysis of Table 20,
full savings were obtained during the entire ten-year period.

In the Contractor's opinion, the useful life of CPPP (or equally capable
systems) will extend well beyond the 1980's. Major manufacturing systems
which apply state-of-the-art technology are not replaced every few years by the
typical company. Instead, they are incrementally improved as additional tech-
nology is proven useful. Furthermore, the replacement of multi-user systems
occurs gradually, as did their adoption. It is therefore felt that, with
effective support, the benefits of CPPP in defense procurement would continue
well after the 1987 1limit in the analysis of Table 23.

The analysis above cannot be considered conclusive. Little evidence was
available for estimating several of the factors used in the calculations --
procurement budgets, the fractions of budgets attributable to cylindrical
parts, the implementation of CPPP by defense industry, and the expected period
of system usefulness, Furthermore, the calculations are dependent on the
defense industry benefit analysis, whose uncertainties have already been
mentioned.
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Despite its uncertain quality, the analysis suggests that CPPP has a large
cost reduction potential in defense procurement. Savings of several millions
per year are projected after full implementation is achieved. Greater industry
acceptance would increase savings. Government activities which would enhance
CPPF capabilities and/or reduce implementation effort could increase acceptance
as well as increasing the savings realized by companies using the system.
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4L.0 RECOMMENDED CPPP ENHANCEMENTS

The demonstration CPPP system is viewed as only the first phase of
an advanced computerized process planning technology. Several years will be
required before CPPP fully matures. The present system was developed with
evolution in mind. It is highly modular and provides the overall frame-
work to plan production methods for machined parts. To date, the main
effort has been to fully understand the variables of process planning and
Lo develop an approach that systematically incorporates all aspects of
the planning process. The result has been the development of a base system
into which scientific principles of metalworking and workshop practice are
ecasily introduced. The following list of enhancements is offered to guide
future program planning:

L. Process decision modeling should continue to be developed. A
method of implementing manufacturing rationale in the computer
is necessary for computerized process planning. The modeling
technique can be advanced to provide full generative planning
for cylindrical and non~cylindrical parts.

Development of advanced methods of geometric modeling is needed
to plan production methods for non-cylindrical parts and features.
Parts must be modeled as solid obJects and their data structure
must convey all physical attributes of the design.

3. Methods of dimensioning machined parts should continue to be
developed.: This includes the capability to analyze tolerance
buildup and the impact of tolerance on processing for all design
configurations. Opecial process effects and the choice of datum
surfaces should also be included in the method of analysis.

L. Cutter tool selection analysis should be developed. This will
allow for selecting qualified cutter tools from a data dbase of
tools. CPPP currently selects only tools preassigned to a machine
tool for a specific type of cut. The enhancement would analyze
variables of the cutting situation and determine which tools
should be considered.

5. A method of calculating standard times and costs should be
developed. This will allow the use of standards data in CPPP
production rate and cost calculations. CPPP now requires the
manufacturer to estimate variables such as piece handling,
machine setup, tool change, operator time, etc.

ded




e

e e e e b s il T T

RTT7-0L2625-14

6. Machining analysis methods should continue to be developed.
This includes a detail stock removal analysis and mathematical
methods of determining combinations of feed, speed, and depth
in single and multiple pass cutting situations.

T. Methods of selecting holding tools and inspection tools are
needed. This will provide for the selection of fixtures and
gages from a data base of tooling based on characteristics of
the workpiece and machine cuts.

S ey
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APPENDIX A

STRUCTURED DECOMPOSITION OF CPPP

This Appendix contains a top-down decomposition of the CPPP system.
Figure Al illustrates the technique of factoring general system functions into
greater levels of detail. In the example, the most general view of CPPP is the

box A0 -- "DC Computer Process Planning." This view is also represented by a
diagram in which five boxes are interconnected -~ this is the first level of

structured decomposition. Fach box represents a high-level system function and
the connected paths carry data between functions. Therefore, at any level

of' viewing the CPPP system, the data interfaces are defined. The process of
factoring functions can continue to any level of detail desired. In the
example, two oft the AO functions are further factored and one of these --
"Generate Operation Plans" -- has a function factored once again.

This method of decomposition has been called "cell modeling" and more
recently "structured analysis and design". It results in a documentation that
is somewhat a blueprint of the system. The diagrams identify the input/output
data interfaces between functions of the same or higher levels and show the
decomposition of a function into its subfunctions. Although there is a con-
vention used in diagraming, the diagrams can be read with understanding without
a full explanation of the conventions. For the diagrams presented here, it is
only necessary to know that connecting paths pointing into a box carry input
or control data and that paths coming out of a box carry output data. Also,
paths that do not connect with a box of a diagram carry data from or to func-
tions of the next higher level diagram.
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DO Computer Process Planning (Context)

CUT PARAMETER DATA

(P— PROCESS DECISION RULES
MACHINABILITY, MACHINE TOOL,

TOOLING AND STANDARDS DATA {

PART DESIGN AND RAW i

MATERIAL DESCRIPTIONS =
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) PRODUCTION {
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__?_____,.‘ PROCESS PLANNING ‘ ? . -’
PART NUMBER SUMMARY AND

DETAIL PROCESS PLANS

[_T_] CONSISTS OF STOCK REMOVAL ALLOWANCES, TOLERANCE LIMITS, MINIMUM
STOCK REMOVAL, AND DEPTH OF CUT DATA

This diagram shows computer process planning in the context of the data
needed to perform that function -- which is, the generation of summary and
detailed process plans from input of part design and raw material (workpiece)
descriptions., The data describing the part design must contain the equivalent
information content of a blueprint for all part surfaces and features. It
must include dimensional data, tolerances, form conditions (concentricity,
straightness, perpendicularity, flatness), radii and edg: breaks, finish,

1 heat treatment, coding and plating requirements, feature specifications (win-
dows, radial and bolt holes, flats, keyways, slots, threads), and the type of
material and its hardness. Input describing the workpiece must specify dimen-
sions of the raw material, which can be in the form of bar stock, extrusions,
forgings or castings., The finished part dimensions must be located relative
to the raw material envelope so that the system will know how much stock must
be removed from each surface,

s s A o NI ekl i

Tt

The generation of a process plan also requires data about production
requirements and the workshop. The production requirements must be input each
time a plan is to be generated. It specifies the lot size and indicates
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whether the criterion for generating the process plan is optimum production
rate or cost. The machinadbility, machine tool, tooling, standards, and cut
paraneter data must be defined by manufacturing and input to the system through
the data base. 'The machinability data specifies feed, speed, depth of cut, and
tool life for different cutting situations -~ the data is input to the system
in the foom of tables. Machine tool data provides description of lathes, *

grinders, drill presses, and all other machines that can be used in fabricat-
ing a part. Tooling data identities cutter tools. Standards data are

estimates of time and cost for setup, piece handling, tool changing,

gaging, ete.  The cut parameter data is defined in note 1 of the
diagram; the stock removal allowances, tolerance, and minimum stock
removal data are used to determine dimensions and tolerances in each

! operation. The process decision rules provide the rationale to
generate a sequence of operations.

DO Computer Process Planning (A0)

Diagram AOQ shows that CPPP is factored into five parts: initiate computer
process planning; generate sequence of operations; generate detailed operation
plans; determine final dimensions and tolerances; and terminate computer pro-
cess planning. As indicated in the first box, computer process planning is
initiated by input of a part number. The primary outputs of the system, as
shown in the fifth box, are the summary and operation sheets for fabricating
the part.

The initiate CPPP function requires the process planner to input the part
number along with other startup data identifying the process planner's name,
lot size, production criterion, planner interaction control options, and mode
of operation. Once the startup data is input, CPPP will retrieve from the
data base the part design and workpiece descriptions and the associated part
family process decision rules.

The first planning function (second box) will generate a sequence of
operations, This is done under control of elther the selected process decision
rules or through interaction with the process planner, In the latter case,
the process planner would specify the operations (metalcutting and non-metal -
cutting) and the surfaces to be cut in each metal removal operation,

7 The next planning function (third box) will generate detailed plans for
each metalcutting and nonmetalcutting operation identified in the sequence of
operations. This function requires data about the finished part, sequence

of operations, and production requirements. Acting on this information, the
function will select the best machines, cutting sequences, cutter tools, and
machining parameters (feed, speed, depth of cut) for all metalecutting opera-
tions based on production time or cost. Also, as in the function to genervate
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a sequence of' operations, the process planner may interact to exercise control
over the detailed planning of operations.

The last planning function (fourth box) determines the final workpiece
dimensions and tolerances. Up to this point, the system uses only nominal
dimensions in generating detailed process plans. This function is a basic tol-
erance charting process consisting of diametral and lateral cut layout, distri-
bution of tolerances over different types of cuts, and calculation of
dimensions based on stock removal allowances.

Generate Sequence of Operations (A2)

Cch
PROCESS DECISION RULES
GENERATE
i OPERATIONS FROM
PROCESS DECISION A (1)
RULES MACHINE
PART AND 1| TooLDpATA
WORKPIECE
DESCRIPTION
GENERATE
OPERATIONSBY
MANUAL GENERATED SEQUENCE
INTERACTION q OF OPERATIONS
b |
TERMINAL INTERACTION
ACCEPT/MODIFY
SEQUENCE OF £ 01
h OPERATIONS
3] ACCEPTED
SEQUENCE OF

OPERATIONS

TERMINAL INTERACTION
(G

This diagram shows that the function to generate a sequence of operation
is factored into three parts: generate operations from process decision rules;
generate operations from manual interaction; and accept/modify sequence of
operations. An important operational feature is indicated by this diagram --
that is, operations can be generated by either automatic or man-machine inter-
action methods. The process planner indicates which method of operation is
to be used at the time of system initialization. When operating in the inter-
active mode (box 2), the process planner defines to the computer each opera-
tion of the sequence. This would be done by specifying the type of operations,

machine tools, and surfaces to be cut in each operation.
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The first box of the diagram shows that the operations generated automatic-
ally are done so under control of process decision rules and input describing
the part design and workpiece.

The third box provides the process planner with the opportunity to accept
or modity a sequence of operations that has been generated by either the auto-
matic or interactive methods. If the option is not requested, the system will
automatically accept the sequence of operations. When the function is acti-
vated, the process planner can review the entire sequence of operations and
make any additions or deletions to the sequence or individual operations.

Generate Operations From Process Decision Rules (A21)

Diagram A2l shows that the function to generate operations from process
decision rules is factored into five parts: select process rules; determine
surfaces to cut; determine surfaces affected by nonmetalcutting operation;
accept /modify generated operation; and build operation matrix. The first func-
tion selects the process decision rule to determine whether conditions exist
for an operation. Fach process rule is programmed for a specific type of
operation {(turn, drill, grind, hone) and to use a certain class(es) of machine
tool (engine lathe, automatic, numerical control, VTL, etc.) or a specific
machine tool (W & & 2AB, J & I, PFM, Van Norman centerless grinder), CPPP
considers each process decision rule in turn and determines if an operation
of the type specified should be selected for the particular part.

Associated with each process decision rule is a programmed set of condi-
tions for which the stated operation is applicable. These conditions are

interpreted in the second box to determine which part surfaces are to be cut
and in the third box to determine surfaces affected by some nommetalcutting

operation. The conditions program the system to test the part for a specific
shape, size, configuration, form, material, workpiece status, etc. If the

set of conditions are present, the type of operation identified in the

process decision rule will be selected. Conversely, when a process decision
rule fails to identify a surface to be cut, plated, etc., the operation will
not be selected. For example, if a process decision rule were programmed to
cut a deep hole and there was not one, the system would skip such an operation.

The fourth function provides the process planner with the opportunity
to accept or modify an operation generated by a process decision rule. 1If
the option is not requested, the system will automatically accept the gener-
ated operation. When this function is activated, the process planner can add
or delete cuts from the operation as well as pertorm several other actions.
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The final function builds the sequence of operations summary. The sum-
mary identifies for each operation the type of operation, machine class or
specific machine, and the surfaces affected by the operation, A full
sequence of operations is generated by cycling through all process decision
rules programmed for the particular part family,

Generate Operation Details (A3)

12
VPART DESIGN

DESCRIPTION OF

OPERATIONS TYPEOF ¢1 |C3 _ sTOCK REMOVAL DATA
GENERATE NON- cuTS
R—C METALCUTTING r._‘ c2 MACHINING DATA
OPERATION DATA £ PRODUCTION
( REQUIREMENTS
GENERATE
_ ] METALCUTTING -
OPERATION MACHINE TOOL DATA
DATA 2

ACCEPT/MODIFY

S~ DETAIL -
/" OPERATION ?" —
DETAILED OPERATION DATA 3

PLAN DATA ACCEPTER
DETAIL PLAN
TERMINAL INTERACTION

This diagram shows that the function to generate detailed operation plans
is factored into three parts: generate data for nommetalcutting and metal-
cutting operations, and accept/modify detail operation data. The input to this
part of the system is a sequence of operations summary fully describing each
operation -- the type of operation (turn, drill, bore, crush grind, mill, plate)
and either the type of machine tool or specific machine tool required. Also
identified are the surfaces affected by each operation.

Depending on the type of operation, the first or second function is acti-
vated to generate the detail operation data. Detailed data generated for
nonmetalcutting operations consist of a dimensioned sketch of the workpiece
identifing the surfaces affected by the operation. For example, in the case
of a plating or nitriding operation, the workpiece surfaces involved would be
identified.
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Detail data generated for metalcutting operations specify the machine
tool, cut sequence, type of cutter tools, suggested feeds and speeds, and a
dimensioned sketch of the workpiece identifying the machined surfaces. Data
specifying special fixtures or clamping tools required by the operation are
not output by the current system -- this data will have to be added by the
process planner. Also, tool holders, cutter holders, chip breakers, turning
heads and blocks will normally have to be added by the process planner.

As will be seen in later diagrams, the planning of a metalcutting opera-
tion involves much analysis because of the interrelated nature of the factors
involved. The machine tool, cut sequence, cutter tools and machining para-
meters are determined only after alternative solutions have been considered in
terms of production rate and cost. To do the analysis, data is required about
production requirements, machine tools, cutter tools, machinability, standards
and stock removal allowances.

The third function provides the process planner with the opportunity to
accept or modify the detail operation data generated by the system. If the
option is not requested, the system will automatically accept the operation
data. When the function is activated, the process planner can add data or
make changes to the detail data. For example, cutter tools could be added
where they were not automatically selected by the system -- also, cutter
holders, tool holders, etc. could be added.

Generate Data for Metalcutting Operations (A32)

Diagram A32 shows that the function to generate data for metalcutting
operations is factored into four parts: select machine tool; select cut
sequence; select cutter tools; and determine cut parameters. Fach part presents
a problem whose solution is dependent on solving the other problems. That
is, selection of a machine tool is dependent on knowing the cut sequence,
cutter tools, and feeds, speeds, and depth of cuts. Similarly, the best cut
sequence is dependent on the choice of machine tool and the selected tool
combination. The choice of cutter tools is dependent on machine tool, work-
piece material, cut geometry, feed, speed, depth, tolerance and finish. The
selection of feeds and speeds is dependent on all of the above variables and
in addition includes consideration of the tool material and geometry, cutting
forces, and machine tool operating limits.

The CPPP system has been designed to solve the individual problems of
machine selection, cut sequence selection, tool selection and cut parameter
selection simultaneously. The first function selects a machine tool based on
the input description of the operation and the detail sequence data developed
for each candidate machine tool. The data channel entering the first box from
the right carries detail operation data generated by the second function --
channels in which data can pass in two directions are identified by a dot
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placed next to the arrow head. 1In similar fashion, the second function selects
a cut sequence based on input of the surfaces to be cut, a machine candidate,
and the detail tool data generated for each candidate sequence. The third
function selects cutter tools based on input of a candidate machine tool, can-
didate cut sequences, and the detail cut data generated for each type of cut
and candidate cutter tool. The fourth function determines detail cut data
(feed, speed, depth of cut, cost and time) based on inputs of a candidate
machine tool, cutter tool and cut definition data.

The procedure for generating detailed operation plans can be summarized
as follows: 1) select a set of candidate machine tools for the described
operation; 2) determine candidate cut sequences for removing metal on each
machine; 3) select candidate cutter tools for each combination of machine tool
and cut sequence; 4) determine the cut parameter data for each cut and tool of
a cut sequence; and 5) select in turn the best combination of cutter tools,
cut sequence and machine tool. This process will first build a network of

possible solutions and then select the best solution based on either produc-

tion rate or cost.

Select Machine Tool (A321)

G2 c1
PART DESIGN
Q—— MACHINE TOOL DATA
OPERATION
. MACHINE TOOL AND STDS. DATA
DATA
DETERMINE il
"E QUALIFIED
MACHINE
TOOLS "
D MACHINE CANDIDATE/
QUALIFIED MACHINE TOOLS //ﬂ DETAIL SEQUENCE DATA E]
[ [ ]
SELECT BEST | 02
MACHINE TOOL O 01 1
2 o < MACHINE
<
LOT SIZE AND PROD. CRITERION COMPUTER SELECTED

MACHINE TOCL
ACCEPT/MODIFY

o1

INCLUDES SELECTED CUT SEQUENCE, CUTTER MACHINE TOOL

TOOLS, FEEDS AND SPEED, AND COST AND TIME

TERMINAL MANUALLY
INTERACTION APPROVED
MACHINE TOOL
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Diagram A321 shows that the function to select a machine tool for a
defined operation is factored into three parts: determine qualified machine
toolsy select best machine tool; and accept/modify selected machine tool.
This set of functions will identify machine tools qualified for the operation,
determine times and costs associated with each machine tool, and select the
machine tool satisfying the production criterion. The first function will
qualify machines based on the cuts to be made, the type of machine tool
specified in the operation, and the workpiece snize. The machine tools of
n workshop are classified by categories such as engine lathes, turret lathes,
automat ics, centerless grinders, surface grinders and gun drills. In the
case where a specific machine tool is specified in the operation data, only
that machine will be considered.

The second function selects the best machine tool based on optimum
production rate or cost. Before a selection can be made, the operation must
be detailed tor each candidate machine tool. 'Therefore, the best cut
sequence, tools, feeds and speeds and cutting time and cost must first be
determined for each machine, This data combined with information about lot
gize and setup cost/time will enable a machine tool to be selected. Produc-
tion time and cost per piece are calculated from the following equations:

p = tg * 2 (b +bg) + by (1)

Cp = cp by tom Z(be + bp) +opby +ooghy + oy (2)

= time of operation per plece
setup time per piece -- this is based on the lot size and standard time
caleulation. (machine setup/lot size + tool setup/lot size + workpiece
handling)
time ot cutting operation ~- this is based on the choice of cul sequence,
tools and machining parameters for the candidate machine tool ; as seen in
the diapgram, the time and cost of the best cut sequence will be calculated
and input to this function.
time allocated to tooll change per piecce -- this is based on the number of
cuts that can be made with a sharp tool; the time is determined in the
select cut parameter functlon and input to this function.
internal machine time -- this is time lost due to tool travel and index-
ing: it is based on the tool layout and can be determined from the stan-
dard time calculation.
internal operator time -- this is time spent by the operator attending
the machine tool in operation (machine control, tool change, gaging);
it is determined from the standard time calculation.
cost of operation per piece
labor direct and overhead cost
machine direct and overhead cost
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¢y = cutter tool cost -- this is determined from the mumber of parts that can
be machined with a single cutter edge; a proportion of all cutter tool
cost is allocated to each operation.

e third function provides the process planner with the opportunity to
accept or change the selected machine tool. If the option is not requested,
the system will automatically accept the chosen machine.

Select Cut Sequence (A322)

- c2 CUT DEFINITIONS
STOCK c3
REMOVAL C4 PART DESIGN
DATA

MACHINE

CANDIDATE :
& DETERMINE
CANDIDATE CUT

T - o 5

SEQUENCE ’ SEQUENCE CANDIDATE/

DETAIL TOOL DATA E]

OPERATION DATA /QB

CANDIDATE CUT - : - - 01

SEQUENCES SRLECT GRST

SEQUENCE o — |2
OF CUTS
C1 ‘ 2
PRODUCTION CRITERION COMPUTER
SELECTED CUT
SEQUENCE ACCEPT/MODIFY
(1] INCLUDES SELECTED CUTTER TOOLS, FEEDS ht e 12
<4 SR i
AND SPEEDS, AND COST AND TiME CUT SEQUENCE
3
TERMINAL MANUALLY APPROVED

INTERACTION ——-(P CUT SEQUENCE

This diagram shows that the function to select a cutting sequence is
factored into three parts: determine candidate cut sequences; determine
best sequence of cuts; and accept ‘moditfy selected sequence of cuts. © Theo-
retically, material can be removed using several combinations of cuts. Since
the best sequence of cuts cannot always be determined a priori, the system
muat Cirst determine possible sequences for removing the material and then
determine the time and cost associated with each candidate sequence.

The first function will determine a set of candidate cut sequences. For

1 36
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each sequence, the specific type of cuts and their order will be defined.
Also, the cut situation data defining each cut in a sequence will be
produced -- this data specifies for each type of cut the amount of stock to

be removed.

The second function will determine which of the candidate cut sequences
is best. 8Since the decision must be based on some economic eriterion, it is
necessary to first calculate the time and cost associated with each cut
sequence == this calculation is dependent on the selection of cutter tools
and determination of feeds, speeds, and depth of cuts. The time and cost
data for each cut'sequence is determined in other parts (A323 and A32L) of
the system. When the data has been generated for all candidate cut sequences,
the best cut sequence is chosen.

The third function provides the process planner with the opportunity to
accept or modify the selected sequence of cuts. If the option is not

requented, the system will automatically accept the selected cut sequence.

Select Cutter Tools (A303)

CUT SITUATION DATA

PART DESIGN

TOOL DATA
CANDIDATE
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[ " Q
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COMBINATION 12
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i . TERMINAL COMBINATIONS
INTERACTION
L3




RTT-9U2625-1k

Tis diagram shows that the function to select cutter tools is factored
into three parts: determine alternative tools, select best combination of
tools, and accept/modity tool combination. The primary objective is to
determine the combination of® tools for a cut sequence that will give the
best machining pertformance. There are several factors to consider. First,
there may be several cutter tools of different material and geometry that
can be used to make a cut. Second, some tools may be able to be used in
more than one cut -~ this can reduce both the number of tools required and
the tool indexing.

'he tirast function will determine the alternative tools for a candidate
‘ut. sequence. Candidate cutter tools are selected for each type of cut
selected in the cut sequence. The process of selecting cutter tools is
controlled by the cut situation data specified for each type of cut and
the tools preassigned for certain types of cut.

! *'The second function will determine the best set of tools for the cut

! sequence., To make the decision it is first necessary to calculate the time

| and cost associated with each type of cut and candidate tool. This calculation
| is done by the function (AR2N) that determines the cutting parameters for

each cut.  When the analysis has been completed for each cut, a table of

| time and cost data will be constructed for candidate tool combinations and

‘ the choice of best tools is made by selecting the combination satistying

the criterion of maximum production rate or minimum cost.

The. third function provides the process planner with the opportunity
to accept or change the selected tool combinations. If the option is not
requested, the system will automatically accept the selected tool combination.

i
]
5
!
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Determine Alternative Tools (A3231)

c3
PREASSIGNED
TOOLS
MACHINE
TOOL
" SELECT g G
PREASSIGNED S o1
-
'2), TOOLS PART DESIGN CUT SITUATION DATA
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OF cuT
SELECTED
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2

TYPE OF TOOL

ACCEPT/MODITY
TOOL CANDIDATES | 01
SELECTED TOOLS MANUALLY

APPROVED
TOOLS

V o Y

w

TERMINAL INTERACTION

This diagram shows that the function to select alternative tools is
factored into three parts: select preassigned tools, select tools from inven-
tory, and accept/modify tool candidates. The first two functions will select
candidate tools for specific types of cuts. The first function will select
preassigned tools for different types of cuts made on a specific machine
tool. 1In addition to cutter tools, cutter and tool holders, chip breakers,
heads and blocks can also be selected.

The second function (not available in current system) will select cutter
tools from inventory as described in the data base. This function is activated
whenever tools are not preassigned or only a general type of tool has been
specified. Cutter tools are selected from inventory according to the type of
cut and specific cutting situation. In the situation where the system fails
to select a candidate tool for a cut, the process planner is required to
specify a tool.

When all tool candidates have been selected, the third function will pro-
vide the process planner with the opportunity to accept or modify the chosen
tool candidates. This function permits the process planner to specify new
tools or delete tools from further consideration. If the option is not
requested, the system will automatically accept the selected tool candidates.
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Select Cut Parameters (A324)

1
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values from equations.

are shown below:

time

cost

t = time to change a worn tool

¢y = labor direct and overhead

-
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This diagram shows that the function to select cut parameters for
different types of cuts is factored into three parts: determine values
from tables, determine values from tables and equations, and determine
Fach of these subfunctions provide alternative
methods for analyzing cutting time and cost.

The basic equations involved

+ ol

4
R RT

cost

1%0

RT

v = volume -- the amount of material removed by a cut

(1)

(2)




-

- ——

e i A s e

RTT-9U2625-14

0
ot
'}

cutter tool cost per cutting edge

o
i

cutting rate

=
i

tool life

Although the equations are simple, the problem of determining values for
cutting rate (R) and tool life (T) is not simple. In the most rigorous treat-
ment of these variables, they are quantitatively defined by a multidimensional
space relating speed, feed, depth of cut, finish, tolerance, workpiece material,
tool material and geometry, and other variables. Unfortunately, the data is
often not available in a workshop to develop accurate correlations between
variables. Therefore, a computer process planning system must provide several
ways of approaching the machining analysis problem; three methods have been
specified of which only the first is available in the current system.

In the first approach feeds, speeds and depth of cut are determined from
tables prepared by manufacturing. This part of the system also estimates
tool life for different combinations of workpiece and tool materials. It is
assumed that the tool life data will be correlated with the feed and speed
tables, and therefore, can be used to estimate the number of cuts (and parts)
that can be made with one cutting edge. The second approach is specitfied
to use equations relating cutting speed and tool life for different types of
cuts, machine tools, workpiece and tool materials, depth of cut, tool
geometry, tolerance and finish conditions. Coefficient data is needed for
equations of the following form:

Vi = ¢ (3)

Other forms of equations could also be accommodated by making changes to the
system. The cutting fleed would be determined from tables.

The third approach is specified to use equations from which the
optimum combination of feed, speed and depth would be determined. As
improved machinability models relating cutting parameters of tool life and
cutting rate become available, optimization techniques can be added to the
system.

In each approach the process planner can interact with the system to
accept or modify values that are automatically determined by the system.
Data values are displayed for number of cutting passes, depth of cut, feed,
speed, rate, time, cost, tool life, volume of material removed, tool material,
rake angle, tool cost, number of parts cut per tool edge, horsepower, spindle
torque, and resultant cutting force. If this function is activated, the
process planner can independently set feed, speed and depth of cut values
and the system would use them in the cutting analysis.
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APPENDIX B

INTERACTIVE DISPLAYS

Though CPPP can be used in a batch processing mode, it is most often
operated from a graphic terminal. There are fifteen interaction points at
which the process planner can influence CPPP planning (Section 2.5). Most of
these are optional -- the process planner can choose whether he wishes to
review/modify the CPPP decisions associated with the interaction point.

Operation of the CPPP terminal is described in this appendix. Each
interaction point is discussed, using an example of the terminal display that
appears at the interaction point.

Terminal Operating Procedures

CPPP is currently implemented for TEKTRONIX 4006, 4010, 4012, and LO1lk
graphic terminals. From the user's point of view, the terminal contains two
or three basic elements -- a cathode ray tube screen, an alphanumeric key-
board, and probably a hardcopy device. Information and instructions from the
CPPP computer to the process planner are displayed on the television-like
screen., The process planner sends directions to CPPP using the typewriter-
like keyboard. The hardcopy device enables the user to save a copy of any
display for later reference.

The screen is of the "storage" type rather than the "refreshed" type.
That is, a portion of the screen surface remains activated or bright until
"erased", rather than requiring periodic reactivation. Storage terminals are
far less expensive than refreshed ones, but do not have the capability to be
selectively erased. To delete or modify any portion of a display, the screen
is completely erased and redrawn. For the CPPP application, it is felt that
selective erasure is a minor convenience which is far outweighed by the lower
terminal cost.

The process planner inputs directions and data by typing them on the
keyboard. He signals the end of a message by depressing the RETURN key. As
he types his message, it is displayed on the screen. The message can be
aborted at any time before the RETURN is typed by simultaneously depressing
the CTRL (CONTROL) and X keys. The message can be restarted immediately
after doing so. The most recent character entered may be deleted by simul-
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taneously depressing the CTRL and Z keys. This may be done repetitively to
delete several characters, (Deleted messages and characters remain on the
screen but are ignored by the computer.)

The terminal may have a hardcopy device attached to it. If so, a copy
of the current display can be obtained by pressing the COPY key in the upper
right portion of the keyboard.

Interaction Points

The remainder of this appendix contains a discussion of each CPPP inter-
action point. The context in which the interaction point occurs is related
and user options are described. An example of the primary display at the
interaction point is given. (Some of the options offered by primary screens
cause subordinate displays to appear.) Process planner messages may be
distinguished in the examples by the symbol > in the left margin.

Each screen offers a list of options available to the process planner.
If an option requires data from the process planner, the option list indi-
cates the required data. For example, the option for adding cutter tools
might appear as follows:

4, CUT ID, LIST OF NEW CUTTER TOOL CANDIDATES

If the process planner wished to add the cutters 1203-006 and 1203-012 for
consideration in the third cut shown in the particular display, he would

type

4,3,1203-006,1203-012

1hb
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FROM COFY, FURNISHED T0 DD

Interaction Point 1

UTRC.CbPP SYSTEM. INITIATE METHOD OF PROCESS PLANNING.
TYPE IN METHOD OF PROCESS PLANNING, YOUR NARME, PART NUMBER:

’ H OPERATIONS GENERATED BY PROCESS DECISION RULES
2 NE PLAN. Wi SPERATIONS CENERRTE® InreRactfoels
4 EDIT COMPLETED PROCESS PLAN (NOT YET AUARILARBLE>
>1,HARK DUNN,?747917-20

The process planner selects the method of CPPP planning he desires. Two
methods are currently offered, both for development of a new process plan.
In the first, the summary of operations is generated by a process decision
model with or without the assistance of the process planner. In the second,
the process planner composes the summary of operations by repetitive use of
interaction point 4. The input message shows that the first option is chosen
to plan a process for part TLWT7917-20.

The display indicates two additional process planning methods that could
be implemented in the future -- resumption of a CPPP session that was suspended
and modification of an existing process plan.
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UTRC CPPP SYSTEM.
TYPE IN LOT SIZE,

\§0F°R MININUN TINME):
TYPE IN NUHBERSxOE DESIRED INTERACTION POINTS OR TYPE C/R FOR FULLY

AUT

O DN DDV~ N de WP

N0 10 ) e
OMa®M < v -
- ~4TD~

(nformation required to develop & new process plan is
provided and the process
selection of machines, tools, etc.

size is
to the
cost or time,

Th

decisions.
of it.
Operation

OMATIC PLANN
RCCEPT/MODIFY
ARCCEPT/MODIFY
ACCEPT/MODIFY
ACCEPT/MQOIFY
RCCEPT/MOOIFY
ACCEPT/MODIFY
RCCEPT/MODIFY
RCCEPT/MODIFY
RCCEPT/NMGOIFY
ACCEPT/MODIFY
GCCEPT’HOOIFY

£
U
110
3
A
1

e process

in both the planning of a sequence of operations
operations.

3,4,5,6,7.8.9, 1
OPERATION NUHBERQ TO BEGIN AND END INTERACTION WHEN PLANNING
ENCE OF OPERATIONS., OR C-R FOR ALL OPERATIONS

1
OPERATION NUMBERS TO BEGIN AND END INTERACTION WHEN FLANNING
{% OPERATION DATA. OR C/R FOR ALL OPERATIONS:

planner specifies the level of interaction desired by enter-
ing the interaction points he wishes
action point enables him to review and accept/modify the
He may request the interaction for the entire plan or some portion
The above example shows that interaction is

20 and ending with Operation 110.

THIS PAGE IS BEST QUALITY PRACTICABLE
FROM COrY FURNISHED TODDC ™

Interaction Point 2

INITIATE STARTUP DATA FOR NEW PLAN |
CRITERXON FOR DECISION MAKING. (1 FOR MINIMUM COST.

GENERATED OPERATION (DECISION RULES)
SEQUENCE OF OPERATIONS
MACHINE TOOL CANDIDATES
CUT_SEQUENCE CANDIDATES
CUTTING TOOL CANDIDATES
NACHINING DATA

SELECTED TOOL COMBINATION
SELECTED CUT SEQUENCE
SELECTED MARCHINE TOOL
DETARILED OPERATION PLAN
iéN?L PROCESS PLAN DATA

entered. The lot
states whether decisions with respect
should be based on minimum production

planner

to use, Selection of an optional inter-

associated CPPP

requested beginning with
Also, interaction is requested

and detail planning of

(S,

y
1460
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il THIS PAGE 1S BES CARLE
! FROM COr Y & ; B»i'b"f' Q-UALITY o
! VaMLSHED 10 DDG - |

Interaction Point 3

UTRC CPPP SYSTEM. ACCEPT/MODIFY GENERATED OPERATION
OP 20 DESCRIPTION: TURN

MACH. CLASS 1: 480 BAR MACHINE MACH. CLASS 2. (NONE>
MACHINE TOOL SPECIFIED: (NONE)

LOFOFOGRGGGRGGGRGGGRGGRGGGGRGRD

EBB0OORHRRRORRRHRRRORRHRRRRHRE®

A90000A111122233344455566667788

133:;27826925925825815884581631

Ty

TYPE C/R TQ RCCEPT OPERARTION. OR TYFE AN OPTION. AND REQUIRED DATW
{.NEW OP DESCRIPTION 2.MACHINE CLASS NUMBER (1 QR 2).CQDE.NRME
3, MACHINE TOOL CODE.NARME  4.LIST OF ADDED CUTS S.LIST OF DELETED CUTS
y € (CHANGES SETUP) 7 (DELETES OPERATION) & (SHOWS MACHINE DRTW®
i 3 C(TERMINARTES PLANNING>

8

At this interaction point, the process planner reviews an operation

generated by a process decision model. The display appears immediately

i atter the operation is generated, before subsequent operations are defined.
Therefore, any user-specified changes are taken into account in the execution
of the remainder of the process model,

NG

The operation description and machine class(es) to be considered (or
specitfied machine tool) are shown. The part surfaces/features to be cut or
processed are indicated by heavy lines in the workpiece sketch and by X's
in the surface/feature name list. The sketch is oriented so that the free
p end is to the right.

The process planner can change any of the data associated with the
operation. He can choose to delete it entirely.
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Interaction Point 4

UTRC CPPP SYSTEM. INTERACTIVELY DEFINE OPERATION
OP 20 DESCRIPTION: TURN
MACH . CLASS [ MACH. CLASS 2 (NONE)

1:
MACHINE TOOL SPECIFIED: (NONE)>

LOFDFDGRGGGHGGGRGGGHGGRGGGGRGRD

EQBBBORHRRRORRRHRRRORRHRRRRHRE®

8000000111122233344433366667788

)1(23;’5&702692592582581580458!631

TYPE C/R TO RCCEPT OPERATION; OR TYPE AN OPTION, AND REQUIRED DARTR
1.NEN OP DESCRIPTION 2,MACHINE CLASS NUMBER (1 OR 2),CODE.NRME

3, MACHINE TOOL CODE.NAME 4,LIST OF ADDED CUTS S.LIST OF DELETED CUTS
6 (CHANGE SETUP) 7 (SHOW MACHINE DATAR) 8 (END SEQUENCE OF OPERRTIONS
9 (TERMINATES PLANNING)

'2,1,400, DAR RACNINE

By repetitive use of this interaction point, a sequence of operations is
generated without a process decision model. Before an operation is defined,
the display appears without operation data specified and with the current
workpiece shape shown in the sketch. 1If no more operations are desired,
option 8 is used to signal completion of the sequence of operations. Other-
wise, options 1 through 6 are used to define another operation. RETURN is
typed to indicate completion of an operation. The operation data is then
stored by CFPP and the definition of a new operation can begin.

! 148
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FROM CO5 Y FURNISHED TO DDC e

Interaction Point § !

UTRC CPPP SYSTENM. RCCEPT/MODIFY SEQUENCE OF OPERATIONS

LDFDFDGRGGGHGGGRGGGHGGRGGGGRGRO
EBBRBBRHRRRORRRHRRRORRHRRRRHREQ
8000088111122233344455566667788
12345678269259258258158045816081

! 58 TURN AUTOMATIC CHUCKER N/C LATHE
111166088000000000000680006000800
7@ HAND REAM THRU BORE BENCH LAP

3808068080000000000000000000000]
30 HONE THRU BORE AUTOMATIC HONE
880000063600060000008800000000001

38 GRIND LONGEST QO 00 GRINDER
2000110000000000000000080080008
108 GRIND FREE END SURFRCE GRINDER

{ : 108000000000800000080800800080008
[ ( THERE ARE MORE OPERATIONS)

TYPE C/R TO ACCEPT SEQUENCE OR TYPE AN OPTION AND REQUIRED DARTA
1 «SHOW MORE OPS) 2 (SHOM PREVUIQUS OPS) 3 (SHOW MACHINE DATR?
4.0P NUMBER (HIGHLIGHT CUT_SURFACES)  §,NOT RURILRBLE
£,NOT AVAILABLE 7,0P. NUMBER (TO DELETE> 8 (TERMINARTE®
\'1

| The sequence of operations can be reviewed and modified at this inter-
. action point.

The sketch shows the final workpiece shape. Data for operations, in sets
of five, are displayed -- operation number, description, machine class, second
machine class or specified machine tool, and surfaces/features cut or processed.
The latter are indicated by "1" under the surface/feature name.

Options 1 and 2 permit paging to the next and previous sets of five
operations. At present, the process planner can modify the sequence only
by deleting operations. Future options could permit modification of any
operation data as well as addition of operations.
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Interaction Point 6

UTRC CPPP SYSTEM. RCCEPT/MODIFY MACHINE TOOL CANDIDATES

OP 20 DESCRIPTION: TURN
MACH CLASS 1: BAR MACHINE

MACHINE TOOLS TO BE CONSIDERED FOR THE OPERQTION ARE

4@1 B&S NO 4 AUTOMATIC TABEFR

484 PETERMAN P25
HIT C/R TO ACCEPT CANDIDATES OR TYPE AN OFTION AND REQUIRED OWTw
: ség OF MACHINE CODES TO BE DELETED & (SHOW MACHINE DRTw®

The machine tools to be considered for an operation are displayed. The
process planner can eliminate machine tools from consideration. An option to
add candidates could be provided in the future.

Once the process planner approves the list of candidate machines, the

operation is detailed for each. Cost and time are calculated for each
machine and a choice is made.
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FROM COrY FURNLOHED 10 bDC ™™

Interaction Point 7

UTRC CFPP SYSTEM. ACCEPT/MODIFY CUT SEQUENCE CANDIDATES

QP 20  DESCRIPTION: TURN
CANDIDRTE MACHINE TOOL: B&S NO .4 RUTOMATIC

CUT SEQUENCES TO BE CONSIDERED FOR THIS MACHINE APE
1 0394 DOB6 FOOBS RESO LE@!

Z D@v4 RESB 08086 FOOBS LEOI

3 0006 FOBS RES® DOQ4 LEAI

HIT C/R TO ACCEPT CANDIDATES OR TYPE I[N QPTIONS AND REQUIRED DNTR

T
1 SEQUENCE OF SURFACE ELEMENT NAMES TO BE WODED
%IS OF CUT SEQUENCE ID'S YO BE DELETED

f\'f .

The cut sequences to be considered in performing an operation on a
candidate machine tool are displayed.
from consideration or specify additional candidates.

After the list of candidate cut sequences is final, the operation is
planned for each sequence on the machine being considered. Cost and time
sequence is chosen,

are calculated and the best

The process planner can remove sequences

e e

T
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Interaction Point 8

UTRC CPPP SYSTEM  ACCEPT/MODIFY CUTTING TOOL CANDIDATES

OF 20  DESCRIPTION: TURN
CANDIDATE MACHINE TOOL: B&S NO 4 ARUTOMATIC

1 D904 TURN OPN DIA (T0) 1 1283-048! 2 1203-0883
3 1203-005

2 DBA6 TURN & FORM  (TS) 1 1203-001 2 1203-003
Faes 3 1283-007

1 RE8® FACE OPEN (FO> 1 1203-002 2 1203-004
3 1203-006

4 LEB1 CUTOFF C0) 1 1207-@6t 2 tzar-aa2

C THERE ARE NO MORE CUTS)

HIT C/R TO ACCEPT CANDIDATES OR TYPE AN OPTION AND REQUIRED DATRH
‘SHOW MORE CUTS) 2 (SHOW PREVIOUS CUTS)

ZUY ID, LIST OF CUTTER ID'S TO BE DELETED

CJdT 10, LIST OF NEW CUTTER TOOL CANDIDATES

© TUT ID. LIST OF NEW CUTTER TYPE CANDIDRTES

’4,3,1203-0093

Ndajr=

Af'ter candidate cut sequences have been determined for a candidate
machine, the types of cuts are determined. Cutter tools to be considered
for each cut are then determined. The candidate cutters may be particular

tools or tool types,

The display shows, in order, the cuts to be made. The surfaces cut, type

of cut, and candidate cutters are given, The process planner can remove

cutters from consideration or insert new candidates. The above example shows

that cutter 1203-005 is to be added to the candidates for cut number 3

(Face \\}u'n) .

Af'ter the cutter candidates are accepted, machining parameters are

determined tor each candidate,

s ——
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FROM COr Y FURNISHED 10 DDG ™™

Interaction Point Q

UTRC CPPP SYSTEM. ACCEPT/MODIFY MACHINING DATA.

OP 20  OESCRIPTION: TURN
CANOIDATE MACHINE: BLS NO.4 AUTOMATIC CUT TYPE: TURN OPN DIA (TO0)

CANDIDATE CUTTER: 1203-003 ; SURFACE(S): DO04

@ UOLUME REMOVED = 83 CU IN
1 RAKE ANGLE = @ DEG

2 NOSE RADIUS =  @0e@

3 TO0L HGTERIGL =C6

4 COST/EDGE = .00

2 EORCE ON TOOL TIP = @0
78

81 NO. OF PASSES = 1 1
102 CUT DEPTH = .008 IN 1
%03 FEED = 003 IPR 1
104 SPEED = 2226 .RPM 1

83 CUT RATE = l95 CU IN/MIN i

@86 CUT TIME = 36 M 1

87 Cut COST =8 0 1

@8 TOOL LIFE = 30.98 MIN 1

89 PARTS PER TOOL = 83

)TYPE C/R TO CONTINUE

ORSEPOWER = .00
PINDLE TORQUE = @@

a candidate cutting tool are displayed. Several

The machining data for
These can be added in the future.

parameters are not currently calculated.
At present, the process planner is not able to modify the CPPP=determined
machining parameters. Future enhancements could permit him to change inde-
pendent parameters (e.5ey feed and speed), with automatic recalculation of

dependent values.

A e -
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Interaction Point 10

UTRC CPPP SYSTEM. ACCEPT/MODIFY SELECTED TOOL COMBINATION

OP 28 DESCRIPTION: TURN

CANDIDATE MACHINE TOOL: B&S ND.4 AUTOMATIC
SEQUENCE: D@e4 0006 Foes REBO LE®!

CUT TYPE: TO TS FO CO

8.0 § 158.08 17 T0 1283-00@3 TS 1203-067
FO 1203-004 C0o 12087-001
8.5 $ 175.80 18 TO 1203-0035 1S 12083-007
FO 1203-004 C0 12@7-001
825 $149.66 19 710 12083-00¢ 1S 1202-001
FO 1203-006 CO 1207-001
800 $ 149.66 20 10 1203-003 TS 1203-001
FO 1203-006 C0o 1267-081

( THERE ARE MORE CANDIDATE COMBINATIONS)
COMBINATION 19 HAS BEEN CHOSEN FOR MINIMUM COST

TYPE C/R TO ACCEPT CHOICE OR TYPE AN OPTION AND REQU Rgg DAT

I
1 (SHOW MORE DATAR) 2 (SHOW PREVIOUS DRTR>  3,1D OF EFERRED CHOICE
‘2

Identification of candidate cutting tools for each cut determines a

number of possible tool combinations. If there are four cuts with two, four,
three, and two cutter candidates, for example, then there are forty-eight
possible tool combinations. Using time and costs calculated for each can-
didate cutter, CPPP determines the time and cost for each tool combination
(to a maximum of 30 combinations).

At this interaction point, each tooling combination that was evaluated

5 displayed. The time and cost associated with each is shown and CPPP's
choice is given. The process planner can examine this data, paging forward

and backward with options 1 and 2, Option 3 permits him to override CPPP's
choice. Once the choice is finalized, the cutter tools for the current machine
tool and cut sequence are determined.
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interaction Point 11

== ==
|
’1

UTRC CPPP SYSTEM. ARCCEPT/MODIFY SELECTED CUT SEQUENCE

QP 20 DESCRIPTION: TURN
CANDIDATE MACHINE TOOL: B&S NO .4 AUTOMATIC

251 ¢ 149 66 1 DBB4 DOBE FOOS RESP LE@I
612 ¢ {75 88 2 0094 RES@ DBOE FOOS LEDI |
HERE WARE NO MORE CANDIDARTE SEQUENCES)> "

SEQUENCE 1 HAS BEEN CHOSEN FOR LOWEST COST
HIT C-R TO ACCEPT CHOICE OR TYPE AN OFTION AND REQUIRED OATA

'
1
|
{ + SHOW MORE CUT SEQUENCE DATA)> 2 «SHOW PREUIQUS CUT SEQUENCE DATR) ,
(' OF PREFERRED CHOICE 4.ID OF CUT SE@ (SHOW SELECTED TOOLS?® &
|

—4 Q@0

b 3 '
i
3.

This interaction point occurs after cut types, tooling, and machining
parameters are determined for each candidate cut sequence., CPPP chooses
the best sequence on a time or cost basis. The candidates and the choice

are displayed. The time and cost calculated for each candidate are shown.

' and 4 permit review of the operation as planned for each

Options 1, “

cut sequence, CPPP's choice of cut sequence can be overridden using Option ;

) 3« After the choice of cut sequence is final, the detailed plan for the ‘l
l candidate machine tool is determined. |




—9LU2625-14
RT7-9h2625~1 THIS PAGE IS BEST QUALITY PRACTICABLE

FROM COrY FURNISHED TODDC ™

Interaction Point 12

UTRC CPPP SYSTEM. ﬂCCEPT/HODIFY SELECTED MACHINE TOOL
OP 20 DESCRIPTION: TURN

8.251 ¢ 149.66 1 BLS NO 4 AUTOMATIC
8.438 § 150.00 2 TABER
9.315 ¢ 175.88 3 PETERMAN P25

MACHINE TOOL 1 HAS BEEN CHOSEN FOR LOWEST COST
TYPE C-R TO RCCEPT CHOICE OR TYPE AN OFTION AND REQUIRED DATR

1.10 OF MACHINE TOOL (SHOWS SELECTED CUT SEQUENCE>

2,10 OF MACHINE TOOL (SHOWS MACHINE TOOL DATA - NOT AUARILABLE:
3.1D OF PREFERRED MACHINE TOOL

4 (SHOW MORE CANDIDATES)

5 (SHON PREVIOUS CANDIDATES)

After a plan has been determined for each candidate machine tool, a
choice is made on the basis of time or cost. This interaction point displays
the data associated with each candidate machine and allows the process planner
to override CPPP's choice.

The process planner may use options 1,4, and 5 to review the plan asso-

ciated with each candidate machine. Option 3 enables him to change the choice
of machine tool. After the machine tool to be used 1is finalized, a detailed
plan for the operation has been established.
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Interaction Point 13

UTRC CPPP SYSTEN. QCCEPTINODIFY DETAILED OPERATION PLAN.

oP 20 SCRIPTION:
MACHINE TOOL: B&S NO.4 lﬂTOﬂﬂY!C

ID Cut CUT TYPE TOOLS

1 D@84 TURN OPN DIA (TO) }%gg-?gé 1285-082

2 0006 TURN & FORM (TS) 1203-081 1205-002

Fees 1283-100

3 RE8® FACE OPEN (F0) {%gg-?g? 1205-004

4 LEO1 CUTOFF (C0) 12@7-001

TYPE C/R TO ACCEPT OPERATION PLAN OR TYPE AN OPTION AND REOUIRED DRTR:
1 (SHOWS MORE CUTS) 2 (SHOWS PREVIOUS C

3 (SHOWS MACHINING TOOL DATA) 4. CUT IO (SHOWS HQCHINING DATR
€.NEX OPERATION DESCRIPTION 6.CUT 1D, LIST OF NEW TOOLS
: éREPLﬁCES GPERATION NITH INTERACTION) 8 (TERHINGTES PLANNING)
4,

This interaction point provides for review and modification of the de-
tailed plan for an operation. All data for the operation can be reviewed.
All components of composite cutting tools are listed, rather than just the
cutter.

The process planner uses options 1 and 2 to page through the cuts in the

operation. The operation description and tooling may be changed. If option
7 is exercised, the detailed plan for the operation is redeveloped using ali
interaction points (6 through 12). This allows an operation to be replanned
with maximum interaction by the process planner,

THIS PAGE 1S BEST QUALITY PRACTICABLE




-y et

RTT-942625-14 THIS PAGE IS BEST QUALITY PRACTICABLE
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Interaction Point 1k

UTRC CPPP SYSTEM. ACCEPT/MODIFY FINAL PROCESS PLAN DATA.

TINE COST OP ¢ DESCRIPTION MACHINE TOOL

.09 .00 10 DRAW MATERIAL DRAW MATERIAL BENCH
6.72 317.92 20 TURN B&S NO.4 ARUTOMRTIC
1 30 32 5@ 30 HEAT TREAT PER PMP318@ HEAT TREAT FURNACE
1.88 52.73 40 GRIND LONGEST 0D CINN C'LESS BAR
4 .92 629 31 38 DRILL THRU BORE DEHOFF 2 SPINDLE
2.40 210.8@ 60 TURN LLS PTI1S

42 23 42 79 HAND REAM THRU BORE BENCH LAP
223 847 24 88 HONE THRU BORE MICROMATIC 723
3.33 168 80 98 GRIND LONGEST 0D B&S NO S
1 88 293 24 100 GRIND FREE END BLS (8X24)
9.25 622 88 118 CRUSH GRIND 0.SEAL GROOUVES UAN NORMAN 418
9.88 783 .84 120 CRUSH GRIND GROQUES UAN NORMAN 418

08 .80 130 DEBURR PART VIBRATORY TUB

00 80 140 STRESS RELIEF PER PMP118 STRESS RELIEF FURN

00 .80 1358 MASK NITRIDED SURFACES MASKING BENCH

.98 88 168 COPPER PLATE PART PER PMP210  TANK - COPPER PLRTE

ae .80 178 UNMASK PART TANK - COPPER FLWTE
2 67 847 25 180 HONE THRU BORE MICROMATIC 722

08 8@ 190 NITRIDE PER HS1173 AND PMFS8S FURNRKCE

.80 88 200 STRIP COPPER PLATE PER PMP21@ TANK - STRIF

©7.82 6899.32 TOTALS (THERE ARE MORE OFERATIONS)

TYPE C/R_TO ACCEPT SEQUENCE OR TYPE AN OPTION ANO REQUIREQ ORTR
1 (SHONS MORE OPERATIONS) 2 (SHOWS PREUIOUS OPERATIONS
3,NOT AVAILABLE
4,NOT AURILABLE
S NOT AUAILABLE 6, 0PERARTION NUMBER.NEW DESCRIPTIQON
OPERATION NUMBER,NEW MARCHINE TOOL
OFERATION NUMBER (SHON OPERATION PLAN)

S.

b

The completed process plan can be reviewed and modified at this inter-
action point. The display gives the description, machine, time, and cost for
each operation. The description and machine can be changed. The detailed
plan for any operation can be reviewed. A full capability to add, delete,
and modify operations could be implemented in the future,
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Interaction Point 15

UTRC CPPP SYSTEM. TERMINATE PROCESS PLANNING SESSION

TYPE C/R TO SIGN OFF OR TYPE NUMBER OF SELECTED OPTION

1 PRODUCE SUMMARY OF OPERATIONS

PRODUCE OPERATION SHEETS

3 PRODUCE SUMMARY OF OPERATIONS AND OPERATION iE;i

4 SAVE PARTIAL/COMPLETED PLAN JUST GENERATED ¢ T ﬁﬂﬂltglts)
53 S START ANOTHER PROCESS PLANNING SESSION (NOT YET AUA

N -

A CPPP session is terminated at this interaction point. The process
planner can direct that a summary of operations, detailed operation sheets,
or both be output. These are produced by a line printer and plotter. At
prx'(nt the session must end with the user typing RETURN to end his terminal
...... sion. Future options could permit saving a partial/complete plan in com-
putox storage and starting a new CFPPP session,
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APPENDIX C

MANUFACTURING DATA BASE

CPPP requires a large data base containing a variety of manufacturing
information. This is a local data base in the sense that its content is
determined by the manufacturing practice and environment of a particular
workshop. The size of the data base and the frequency with which it will !
be accessed require that it be efficiently organized and managed.

The current manufacturing data base is divided into six files;

l. Part file

2. Process decision rule file
3. Machine tool file

Ik, Cut application file

5. Cut parameter file

6. Machinability file

Five of these contain essentially numeric data. The process decision model

file contains manufacturing rules rather than numeric data. In addition to

the files listed above, there are temporary files created by the CPPP system
for use in subsequent processing.

File Content Descriptions

Part File

The part file contains part design and raw material specifications. The
design specifications are equivalent to design drawings, giving a full geometric
description of the part as well as other information.

The file consists of an index and part descriptions. The index simply
lists the part numbers contained in the file, giving the location and length

of each part.

A part description is itself a hierarchial data structure that consists
of a part header block, surface and feature blocks, and geometric control
blocks. The part header block contains general information on the part --
part name and number, part family, classification code, material and material
hardness, raw material form, overall part size, latest engineering change and
process plan revision number, etc.
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Finished part and raw material geometries are specified using data blocks
which describe surfaces and features. A surface is a portion of the cylindrical
part geometry that can be represented by a canonical geometric form. The CPPP
system handles three surface types:

e ——

(1) Diameters, described by cylinders whose axes are the cylindrical f
part's axis of rotation. !

(2) Faces, described by planes perpendicular to the part's axis of
rotation.

(3) Tapers, described by cones whose axes are the part's axis of ;
rotation.

Feature blocks are used to describe features machined into surfaces.
These may be of two types:

(1) The feature is a surface of rotation about the part axis. In this
case, if the feature has more than one surface, the feature block
serves as a linkage between the parent surface and the surfaces
composing the feature. In this class are grooves, recesses, chamfers

(2) The block describes a noncylindrical feature in the basically
cylindrical geometry. It may also specify a feature which is
geometrically cylindrical, but whose axis is not the part axis
(e.g., a radial hole). This type of feature block is used for
slots, radial holes, bolt holes, lugs, face windows, threads,
and flats.

The individual surface and feature blocks are integrated into a full part
geometry description by hierarchical chaining. Primary part surfaces compose
the highest level. There is al:so, for each primary surface, a chain (possibly
empty) containing the features machined into that surface. For each multi-
surface cylindrical feature, there is further a chain containing the surfaces
of the feature. Feature and surface chains continue to alternate in this
manner until the lowest level surfaces/features are described. Figure C1
illustrates the chaining mechanism.

The data content of surface and feature blocks is divided into common
attributes and particular attributes. Common attributes are relevant to
all surfaces/featuresand appear in all blocks. These give such data as
block type,.surface/feature name, pointer for chaining, pointer to canon-
ical geometric representation, and governing surface. Particular attributes
give information applicable to one or more surface/feature types, but not
to all. Particular attributes of a radial hole, for example, include
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diameter, diametral tolerance, depth, depth tolerance, drill point angle, 1
point of entry, and surface finish. ’
|

Geometric control blocks are used to state geometric constraints such
as concentricity, angularity, and straightness. One or more geometric control

blocks may be associated with each surface or feature block.

Machine Tool File

The machine tool file contains data on machine classes and machine tools.
The machine class data contains the machine class name plus average diametral
and lateral stock removal.

The data describing a machine tool consists of general data given for
all machines and specific data relevant to the machine's class. The gen-
eral data includes the machine tool name, number, and location; a number
of time and cost related parameters (e.g., operator cost per hour, machine
rate, average time for basic setup and additional setup time per tool,
average tool change time, average piece load time); and minimum diametral
and lateral stock removal.

The specific machine tool data in the file is a function of the machine
tool's class. It is present for cylindrical metalcutting machine classes such
as lathe, deep hole drill, crush grinder, internal diameter grinder, outside
diameter grinder, surface grinder, and hone. This data is used to help select
the proper machines. Data for a lathe, for example, includes minimum and maxi-
mum part length, maximum chuck diameter, type of control (manual, automatic,
or N/C), horsepower, number of spindles, and maximum speed. The number of
tool positions, longitudinal stroke, cross stroke, number of feeds, minimum
feed and maximum feed are given for theturret, front siide, and rear slide.
Drilling depth and maximum drill diameter are given for the turret. Number
of feeds, minimum feed, and maximum feed for cutoff are also included.

Cut Application File

This file includes a list of each cut type that each machine tool can
make and the tool(s) or type(s) of tool it would use to make the cut, It is
organized hierarchically by machine class and machine tool.

Each machine tool has a list of numeric codes for the cut applications
it can perform and for each cut application a set of alternate cutting tools
or tool types that can be used. An entry in the cutting tool set represents
a cutter but may in fact be from one to three separate tool numbers ~- such
as holder, insert, and chipbreaker for single point lathe tools.

16L u
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Cut Parameter File

The cut parameter file contains fixed-length data blocks, each of which
gives certain machining parameters for a machine class-part material combina-
tion, with the blocks in random order.

Bach data block contains the following:

1. Machine class

2. Part material

3. Stock removal allowance

4. Tolerance information. Tolerances, both diametral and lateral, are
given for the following cases:

(a) Roughing or semifinish tolerances which are applied when the cut
is followed by another cut of the same type (e.g., this turning
cut is followed by another turning cut)

(b) Roughing or semifinish tolerances which are applied when the cut
ig followed by another of a different type (e.g., turn followved
by grind)

(¢) Normally desired finish tolerances

(d) Tightest practical tolerance the machine can hold.

5. Surface finish
6. Maximum depth of cut for roughing cuts
T. Maximum depth of cut for finish cuts.

Machinability File

The machinability file provides the capability to obtain machining recom-
mendations and a tool life estimate for a given cut. The file {8 organized
hierarchically to facilitate searching for the applicable machinability data:

1. First level: machine claasg
2 Second level: cut type

part material description
hardness range

LOY

PRI RPN Lo
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3. Third level: depth of cut
recommended tool material
recommended feed
stimated tool life per edge
Y. Fourth level: part material specification
recommended speed

As the itemization above shows, provision of the machine class, cut
application, part material description, hardness, and depth of cut will
determine recommended tool material, recommended feed, and estimated tool
life. 1f the part material specificafion is also given, recommended speed
is determined.

t‘i“‘l““'_’“'l i L‘_‘_“L

There are four files into which CPPP stores data which is retrieved
for later use:

1. Alternate cut sequence file
2. Alternate machine file

3. Operation detail file

« Output file

CPPP gencrally considers more than one sequence of cuts for a machine tool
and more than one machine tool for a given operation. This is done by planning
the operation for several alternatives, then choosing the most economically
desirable one. The alternate cut sequence file is used to store data on the
operation and resulting workpiece geometry for different sequences of cuts on
the same machine tool. When the best cut sequence for the machine tool is
determined, that sequence's data is retrieved and becomes the data for that
machine tool. The alternate machine file is used to store data on the opera-
tion and the part geometry existing following performance of the operation for
cach candidate machine. Once the most desirable machine for the operation is
chosen, the data associated with that machine is retrieved for use in describ-
ing the operation and as the input geometry for the next operation,

s used to store a record of each operation
the following:

PO

The operation detail file

planned. This record consists of

~

1. Operation data. This includes a number of parameters of the
operation such as operation number, operation type, machine tool,
getup time and lot machining time and cost.

100




ey e e P o—— L] —— o s w— - -~ [ [

y = 5 gt e

R77-9L42625-14

2. Cut data. FEach cut made in the operation is described by giving cut
type, stock removed, per piece time, tools, surfaces cut, speed,
feed, etc.

3. An end-of-operation workpiece geometry description.

The output file is generated when the entire process plan is completed.
This file contains the equivalent of process sheets (routing sheet/summary of
operations plus individual operation plans). This data is stored in a form
which (i) minimizes the effort necessary to output it using the devices avail-
able at a given computer installation and (ii) is amenable to the text-editing
mode of process planning.

Procedures for Constructing the Data Base

Bach of the five numeric files is generated using punched cards or their
equivalent. Fach file is built from a card deck containing the entire file,
rather than being incrementally built/modified. A stand-alone input program
processes each deck. The format and content of each of the input decks is
given below.

Part File

The input deck for the part file is a sequence of individual part des-
criptions. Each description consists of (1) a header card giving the part's
file retrieval name, whether the part is NEW or OLD to the file, and current
file size, (2) three cards giving general part data, (3) a number of cards des-
cribing finished part geometry, and (4) a number of cards giving raw material
geometry. There is also a separator card which divides the two geometric des-
criptions. Table(Cl gives the format of the general part data cards.
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TABLE Cl. FORMAT OF GENERAL PART DATA CARDS

Column(s) Form ¥ Date
First card 1-20 A part number
21-40 A part name
41-48 A part code
49-56 A engineering change number |
57-60 A revision number §
61-68 A area 1
69-80 A model l
Second card 1-8 R maximum outer diameter |
9-16 R minimum internal diameter ‘
Ir-2k R part length
25-36 A material type
37-48 A material specification '
Lo i hardness type code (1 if 1
Rockwell C, 2 if thousands of |
PSI)
50-53 15 raw material hardness - low
limit
54-57 1 raw material hardness - high
limit |
58-01 I finished hardness - low {
limit ’
62-65 E finished hardness - high ‘
limit "
06 10 code number for raw material
form (1 for bar stock, 2 for ;
forging, 3 for casting)
67~k R bar diameter (if bar stock)
Third card 1-16 A forging or casting number |
19-24 R surface treatment thickness !
25-30 R surface treatment thickness
tolerance
32-33 & Up to 6 code numbers for blue-
35-36 print notes applicable to the
38-39 entire part
h1-42
LL-4s5
L7-L8
*R indicates a real (decimal) number, I an integer, A an alphanumeric string.
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Finished part geometry is input using cards which describe each surface
and feature of the part. One or more pairs of cards is used for each surface
or feature. The surface/feature descriptions are given in clockwise order.

If there is no through hole, the surface making the left intersection with the
centerline is given first and the surface making the right intersection last.
If there is a through hole, the left end is first and the internal surface
(internal diameter or countersink) that intersects the left end is last Figure
C2). Feature cards are placed after the cards describing the surface .into

FIRST

e

LAST

FIRST r__—__'———— LAST

FIRS | —————]

LAST /

(c)

FIGURE C2.

ORDER OF SURFACES IN GEOMETRIC DESCRIPTIONS.

In (a), the left end would be the first surface
given and the right end the last. In (b), the
drill points of the left and right internal
holes would be the first and last surfaces,
respectively. Since the part in (c) has a
through hole, the left end is given first and
the internal surface intersecting it is last.

e e i et e

—rr——




! RT7-942625-1L

which the feature is machined. A relief groove or recess is an exception to

this and will precede its parent diameter when at the leading end of the diameter.
. If a surface has more than one feature, its features are given in a clockwise

order. If the feature is multi-surface, cards describing its component surfaces

in clockwise order are placed after the feature's card(s). The normal order in

which surface/feature descriptions are placed is illustrated in Figure C3.

12

Vo
X

01 1left end
02 diameter

03 recess (first feature of diameter)

ok left side of recess

05 bottom of recess

06 groove in bottom of recess

o7 left side of groove

08 bottom of groove

09 right side of groove

10 right side of recess

11 radial hole (second feature of diameter)

12 right end

FIGURE C3. ORDER OF INPUT FOR SURFACES AND FEATURES IN GEOMETRY DESCRIPTION

g ————
.
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Each surface or feature description requires one or more pairs of cards.
The second card in each pair may be omitted if none of the data on it is
relevant. The general form of the pair of cards is shown in Table C2. Table c3
gives certain codes used in those cards. The relevance and/or interpretation
of some entries may depend on the type of surface/feature being described.

Surfaces and features fall into four categories:

1. Surfaces have type numbers of the form O0XX. Geometrically, they are
cylinders or cones having the part axis as axis of rotation or are
planes perpendicular to the part axis. The input card pair describes
this rotational geometry.

2. Multisurface rotational features that have the part axis as axis of
rotation and that are expanded into surfaces. These have type numbers
of the form 1XX. The input card pair for such a surface contains
only the feature type. (There is one exception to this rule. For a
groove or recess, other than a relief, the beginning corner break is
described, and for every groove and recess the identification number
of the parent diameter must be given.) This card pair serves to
indicate that the following surface card pair describes the first
surface of the feature.

3. Rotational features with axis other than the part axis. Type numbers
have the form 2XX. The card pair is used to describe the feature's
geometry.

4. Nonrotational features. These have type numbers of the form 3XX. The
card pair contains only the type number. It indicates the presence
of the feature and, by position, the surface into which the feature
is machined. There is no geometric description.

Surface/feature identification numbers are assigned sequentially to surfaces
and features, Figure C3 illustrates the numbering scheme.

171
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TABLE C2. FORMAT FOR SURFACE/FEATURE CARD PAIR
Colum(s) Forn Data
First card 1-2 I surface identification number
4-6 I surface/feature type (see Table
c3)
8-15 R diameter
17-22 R diametral tolerance
24-31 R lateral dimension
33-38 R lateral tolerance
Lo-41 i identification number of
reference datum surface.
For grooves, recesses and
reliefs use ID number of
parent diameter
43-50 R nominal lateral position
52-5T R angle or intersection radius
59-64 R angular or radial tolerance
66 T angle/intersection code
(see Table C3)
68-T70 A surface finish
T2 i window type or shape code
(see Table C3)
Second Card 8-9 I geometric control type
(see Table C3)
11-18 R geometric control tolerance
20-21 I identification number of ref-
erence surface for geometric
control
26-31 R surface treatment thickness
33-38 R surface treatment thic .ess
tolerance
q Lo-k6 R radial or bolt hole depth
; 48-53 R radial or bolt hole tolerance
55-56 I identification number of
surface~thru-to for hole
58 I O-seal groove flag (1 if o-seal,
0 otherwise)
q 60-61 I up to 3 code numbers for blue-
63-64 1 print notes applicable to
66-67 I this surface
69-Th R angle of radial or bolt hole
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TABLE C3. CODE NUMBERS USED

IN SURFACE/FEATURE CARDS.

Surface/feature types

001
002
003
00k
005
006
007
008
009
100
101
102
103
200
201
300
301
302
303
30%
305
306
307
308
309

diameter

face (not an end)

left or right end

taper

chamfer

centerdrill (for turning center)
drill point ;
countersink (for turning center)

countersink (not for turning center)

groove

recess

relief

half fin

radial hole

bolt hole

axial slot, round bottom
axial slot, square bottom
lug

flat

window

thread

cross slot, round bottom
cross slot, square bottom
tab

scallop

Angle/intersection codes

1 angle

2 fillet

3 corner break (in this case the
minimum and maximum radii
are given by fields 52-57
and 59~64).

L left fillet radius and tolerance,

slots only

5 right fillet radius and
tolerance, slots only

6 bore edge break and tolerance,
radial holes and windows

Geometric control types

01 timing feature reference
02 concentricity

03 straightness

0% roundness

05 angularity

06 true position

Window type or shape code

1 face window with curved top
and bottom

2 face window with straight top
and bottom

3 irregular window in OD thru
to ID

4 regular window in OD thru
to ID
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j Following are notes on the relevance and interpretation, for each surface
type, of the fields of the surface cards.

1. Diameter. Fill diameter fields, omitting lateral fields. Give
fillet or corner break rather than angle. Fill in surface finish, ‘
Give geometric control and blueprint note codes if present. {

2. Pace or end. Complete lateral fields, omitting diameter fields. _
Give fillet or corner break rather than angle., Give surface finish. i
Other fields are completed if needed. |

3. Taper. A taper is described using one of three methods. Kach ;
method requires two card pairs with the same surface identification i

number.,

a. Gauge diameter method. On the first card pair give diameter (but
not diametral tolerance), all lateral fields, and surface finish,
The angle and angular tolerance fields are used to describe the

angle of the taper. Complete geometric control and blueprint
note fields as needed. On the second card pair enter
intersection fields.

b. Gauge dimension method. On the first card pair fill both
diameter fields, lateral dimension (but not tolerance), datum
surface, nominal lateral position, angle and tolerance, and
surface fields. Give geometric control and blueprint notes
as needed. On the second pair enter intersection data.

c. Two point method. Each card pair is devoted to a point. Fill
in diametral and lateral fields on each, except that either
diametral tolerance is left blank on both card pairs or
lateral tolerance is left blank on both card pairs. The first
pair is used to give intersection and surface finish and,
if needed, geometric control and blueprint notes.
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Chamfer and countersink. Two card pairs having the same surface
number are used. On the first, two of the following three sets of
fields must be given: (i) diametral fields, giving the inter-
section with the adjacent .ace, (ii) lateral fields, giving the
intersection with the adjacent diameter, (iii) angle fields,
giving the angle of the chamfer. Enter surface finish and, if
needed, geometric control and blueprint notes. On the second,
fill the intersection fields.

Centerdrill. The same data is given as for a diameter. There must
be a turning countersink between the centerdrill and the adjacent
part end.

Drill point. The end or bottom of the smallest diameter blind hole
in each end must be a drill point. The ends of larger blind holes
may be described as drill points provided they are not vertical.
Two card pairs are usually used. On the first, give all lateral
fields, angle fields (to describe the drill point angle), and
surface treatment. On the second, having the same surface number,
enter only intersection fields. This second pair is not used if
the drill point is the final surface given for the part; i.e., the
smallest hole in the right end when there is no through hole.

Radial hole. Diameter fields give the size of the hole, lateral
fields locate the hole's centerline, angle fields are used to give
drillpoint angle and tolerance, and the geometric control surface
gives the surface-through-to, if any. Surface finish is given, as
are blueprint notes present. On the second card of the pair the
hole depth and tolerance are given in columns 40-46 and 48-53.

Bolt hole. Data given is the same as for a radial hole, except

that lateral dimension and tolerance are used to give the centerline's

diameter and diametral tolerance.
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Raw material geometry is described by surface/feature card pairs in the
same manner as the finished part geometry. (Of course, there will generally
be fewer surfaces and features to describe.) The order in which surfaces/
features are input is determined by applying to the raw material geometry
the same rules given above for the finished geometry. Surface/feature
identification numbers are identical in the raw material geometry descrip-
tion to what they were in the finish geometry, with missing items omitted
(See Figure Ci). The datum plane used for lateral positions in the raw
material description may, if desired, differ from that used in the finished
geometry description. The correlation between the two is input on a card
which is placed between the two geometric descriptions. This card must
be included even if the same origin is used for both geometry descriptions -~

it serves as a separator. Table Ch gives the format of this card.
2
"“_'?L R . e ey ek
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FIGURE Ch. NUMBERING SCHEME FOR RAW MATERTAL GEOMETRY .
The ends of the blank are associated with the ends of the
part, and the diameter of the blank with the maximum part

diameter (see Figure C3).

TABLE Ch. FORMAT OF GEOMETRY SEPARATOR CARD.

Colun(s) Form Data

16—6 I n999u

2hk-31 R The lateral position, according to the datum
used in the raw material description, of the
datum plane of the finished geometry.
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Machine Tool File

Four card types are used to construct the machine tool file:

1. Machine class card

2. Machine tool card

3. Common machine tool data card for data relevant to machine tools
of all classes

4. Particular machine tool data cards for data specific to machine
tools of a particular class. As many as four such cards may be
required for a machine tool.

The input deck is built from these cards in the following manner:

Machine class card for first class
Machine tool card for machine in first class
Common data card for that machine
Particular data card(s) for that machine (if any)
Machine tool card for another machine in first class
Common data card
Particular data card(s)
L ]

Machine class card for second class
Machine tool card for machine in second class
Common data card
Particular data card(s)
L

Tables C5, C6, and C7 give formats for the machine class card,
machine tool card, and common machine tool data card. Particular data cards
for each allowable type of machine tool are given in Tables C8 through Clk.
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TABLE C5. MACHINE CLASS CARD FORMAT

Column(s) Form Data

1 A "C"

4-23 A machine class name

20-29 T machine class code number (user determined)

32-36 I average diametral stock removal in units
of 1/100,000 inch

39-43 i3 average lateral stock removal in units of
1/100,000 inch

Lho-47 I machine class type (see list below)

The machine class type cues the processor on the specific data to be
provided for subsequent machine tools. There are nine acceptable codes:

-1 not a metal cutting machine class; no specific data present
0 a non~-cylindrical metal cutting class; no specific data
provided

lathe

deep hole drill

crush grinder

internal diameter grinder

external diameter grinder

surface grinder

hone

~N ooV FWwW o

TABLE C6. MACHINE TOOL CARD FORMAT

Column!s! Form Data

1 A "M"
423 A machine tool name
26-29 I machine tool code number (user determined)

!I e s —
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TABLE C7. COMMON MACHINE TOOL DATA CARD FORMAT
Columnfsz Form Data

1 A el
h-9 A shop's machine code
11-1% A location (shop, shop area, or other)
16-21 R operator cost (dollars per hour)
22-2 R machine cost (dollars per hour)
28-33 R average setup cost (dollars)
34-39 R average time for basic setup (minutes)
LO-U5 R average added setup time per tool (minutes)
L6-51 R average tool change time (minutes)
5057 R average workpiece load time (minutes)
58-03 R turret index time (minutes)
ol -69 R minimum diametral stock removal (inches)
TO=75 R minimum lateral stock removal (inches)
A I machine rate
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TABLE C8.  FORMAT OF PARTICULAR MACHINE TOOL DATA CARD FOR LATHES

Card column(s) Form

33-10 R

Data

1 1 A
‘e R
Q=10 R
17~k R
Hei2 R
33=40 R
h1-48 R
Lh9-50 R
§7 <Ol 1
05-72 R
[3-80 ]

2 1 A
‘-8 R
Q=10 1
17-24 R
2532 R
33=40 R
L1-48 R
ha-56 R
57 -0 ]
05=-72 R
73-80 R

3 1 A i
2-8 1
9«16 R
17=0h R
Dh=30 1
33-40 R
h1-48 R
L9-50 ]
'\'{-(‘l& R
0572 R
73~80 Z

l 1 A i
2=8 R
9-10 R
17-2h 1
25=32 R

- e e — e e SER—— S

|
K i
maximum part length (inches) f
minimum part length (inches) !
maximum part diameter (inches) ;
minimum part diameter (inches)
maximun chuck diameter (inches)
maximum part length/diameter ratio
minimum part length/diameter ratio
control type (1 for manual, 2 for automatic,
3 for numerical control, &% for other)
horsepower
number of spindles

max imum speed (RPM)

turret--number of tool positions
drill depth (inches)
maximum drill diameter (inches)
lonp.:'ltudin:\l stroke (inches)
cross stroke (inches)
radial clearance (inches)
number of feeds
maximum feed (I1PR)
minimum feed (1PR)

front slide--number of tool positions
longitudinal stroke (inches)
cross stroke (inches)
number of feeds
maximum feed (1PR)
minimam feed (1FR)

rear slide--number of tool positions
longitudinal stroke (inches)
cross stroke (inches)
number of feeds

rear slide--maximum feed (I1FR)
minimum feed (1PR)
cutoff--number of feeds
maximum feed (1PR)
minimum feed (IPR)
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TABLE C9. FORMAT OF PARTICULAR MACHINE TOOL DATA CARD FOR DEEP HOLE DRILLS

Card Column(s) Form Data
1 A d A SR

2-8 R maximum hole diameter (inches)
9-16 R minimum hole diameter (inches)
17-24 R maximum hole length (inches)
25-32 R maximum part length (inches)
33-40 R maximum part diameter (inches)
41-48 I control type
L49-56 R horsepower
57-64 I number of spindles
65-72 R maximum speed (RPM)
73-80 R maximum feed (IPR)

TABLE C10. FORMAT OF PARTICULAR MACHINE TOOL DATA CARDS FOR CRUSH GRINDERS

Card Column(s)

Form

1 ‘!
2-8
9-16
17-24
25-32
33-k0
41-u48
49-56
57-6k
65-72
73-80

2 1
2-8
9-16
17-2L
25-32
33-L0

W > W™ HH W™

Data

"lH

maximum form depth (inches)
maximum form width (inches)
maximum part length (inches)
maximum part diameter (inches)
center/centerless (1 or 2)
control type

horsepower

maximum part speed (RFM)
minimum part speed (RPM)
maximum in-feed (IPR)

'|2 "

meximum wheel diameter (inches)
minimum wheel diameter (inches)
maximum wheel width (inches)
minimum wheel width (inches)
wheel hole diameter (inches)

A Prm—
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TABLE Cll. FORMAT OF PARTICULAR MACHINE TOOL DATA CARDS FOR INTERNAL
DIAMETER GRINDERS

Card Columng s! Form Data
| 1 A ik
2-8 R maximum hole diameter (inches)
9-16 R minimum hole diameter (inches)
17-24 R maximum hole length (inches)
25-39 R maximum part length (inches)
33-40 R maximum part diameter (inches)
41-48 R faceplate diameter (inches)
L49-56 B control type
57-6k R hcrsepower
65-72 R maximum part speed (RPM)
73-80 R minimum part speed (RPM)
2 i1 A "ot
2-8 R maximum in-feed (IPR)
s oo Dot e e I e by
TABLE C12. FORMAT OF PARTICULAR MACHINE TOOL DATA CARDS FOR EXTERNAL
DIAMETER GRINDERS
card Column(s) ~ Form  Data
; & ¥ A it
2-8 R maximum part diamter (inches)
9-16 R minimum part diameter (inches)
17-24 R maximum part length (inches)
25-32 1 center/centerless (1 or 2)
33-L0 1 control type
41-48 R horsepower
L9-56 R maximum part speed (RPM)
57-64 R maximum feed (IPR)
65-72 R maximum wheel diameter (inches)
73-80 R maximum wheel width (inches)
2 l A "2"
2-8 R minimum wheel width (inches)
9-16 R wheel hole diameter (inches)
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TABLE C13. FORMAT OF PARTICULAR MACHINE TOOL DATA CARDS FOR SURFACE GRINDERS
Card Column(s) Form Data
1 X A I
2-8 R maximum part length (inches)
9-16 R maximum part width (inches)
17-24 R maximum part height (inches)
25-32 R maximum grind length (inches)
33-L0 R maximum grind width (inches)
41-48 3 control type
49-56 R horsepower
57-64 R maximum speed (RPM)
05=-72 R maximum feed (IPR)
73-80 R wheel diameter (inches)
2 1 A Mo
2-8 R wheel width (inches)
9-16 R wheel hole diameter (inches)

TABLE Clk.

|

FORMAT OF PARTICULAR MACHINE TOOL DATA CARD FOR HONES

Card

Column(s) Form Data

1 A ) gy

2-8 R maximum hole diameter (inches)
9-16 R minimum hole diameter (inches)
17-24 R maximum part length (inches)
25-32 R horsepower

33-40 I number of spindles

41-48 R maximum speed (RFPM)

L49-56 R minimum speed (RPM)

57-64 R maximum stroke (inches)

65-72 i control type

183
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Cut Application File

The input deck for the cut application file consists of seven types
of cards:

Machine class card
Machine tool card
Part family card
Directory header card
Directory data card
Tooling header card
Tooling data card.

OV FwhN

The input deck is built from these cards in the following manner:

Machine class card for first class
Machine tool card for first machine in class
Part family card of first family for machine

Part family card of last family for machine
Machine tool card for second machine in class

Machine class card for next class

Part family card of last family for last machine in last class
Directory header card for first directory
Directory data card(s) -- as many as needed
Directory header card for second directory

Directory header card for last directory
Directory data card(s)
Tooling header card for first directory
Tooling data cards -- as many blocks of 50 as needed

Tooling header card for last directory
Tooling data cards

184 . ]
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Each part family card must reference a directory, although several
can reference the same one. Each directory header card must reference
a unique tooling header card. (The tooling header cards do not actually
have to occur in the same order as the directories, contrary to what may
be suggested in the deck setup example.)

The complex organization of this file is a result of the flexibility
designed into it. In particular, it is possible to designate different
tools for the same cut if the parts come from different families; however,
this is not done in the demonstration.

Tables C15 through C20 specify the formats of all cards except the
tooling data card.

TABLE C15. FORMAT OF MACHINE CLASS CARD FOR CUT APPLICATION FILE

Column(s) Form Data

l. A "c"

L-23 A machine class name¥
26-29 I machine class code*

*must be identical to entry in machine tool file

TABLE C16. FORMAT OF MACHINE TOOL CARD FOR CUT APPLICATION FILE

Column(s) Form Data
l A "Mf\‘
423 A machine tool name*
26-29 ¥ machine tool code¥

*must be identical to entry in machine tool file
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TABLE C1T.  FORMAT OF PART FAMILY CARD FOR CUT APPLICATION FILE

> Column(s)

i !
4-9
16~-21

Form Data

A "F"

A family code (same as in part file)
A directory name (same as on some

following directory header card)

TABLE C18.

FORMAT OF DIRECTORY HEADER CARD FOR CUT APPLICATION EILE

Column(s)

1
4-9

16-21

26-29

Form Data

A "D"

A directory name (same as on one or
more part family cards)

A tooling data name (same as on some
following tooling header card)

1 number of pairs of items to follow on

directory data card(s)

TABLE C19.

FORMAT OF DIRECTORY DATA CARD FOR CUT APPLICATION FILE

% 10-24
25-32
« 33-ko
4148
49-56
57-64
65-72
73-80

Form Data

cut application code

word number in tooling data at which
tool list for above cut application
starts

cut application code

tool list start

cut application code

tool list start

cut application code

tool list start

cut application code

tool list start

S
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TABLE C20. FORMAT OF TOOLING HEADER CARD FOR CUT APPLICATION FILE

Column(s) Form Data

l l A "A" J
L-9 A tooling data name (same as on one
' preceding directory header card)
26-29 it number of blocks of tooling data
‘ cards immediately following

The tooling data cards contain a computer-readable representation of
the tooling lists for the cut applications and are grouped together in blocks
that represent 300 words of computer storage. For thic reason it is rather
difficult to manually prepare these cards, and a compuier program has been
provided for that purpose. This program punches out both the tooling data
cards and the directory data cards. The input format for this program is
given in Table C21.

TABLE C21. FORMAT OF INPUT CARDS FOR TOOLING DATA

! Column(s) Form Data
: 132 A cut application name
1k A "X" if next application is same as this
| 16-21 A tool list key (see below)
! 23-28 A tool name
{ L0-55 A tool name
57-62 A tool name
| 79-80 il cut application code

Each entry in the tooling data list is a set of one, two, or three
items, and each item may be an actual tool number or a tool type. If there
are more than one item, only one can actually be a cutting tool and the
other(s) must be auxiliary tools. If there is only one item it must be in
columns 23-28, and if there are two they must be in columns 23-28 and 40-55.
The tool list key (columns 16-21) tells how many items are present and what
they are. The key is composed of three two-digit subkeys corresponding
to the three possible tool names. TABLE C22 gives the possible values
! for each two-digit subkey.

e e
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TABLE C22. SUBKEY VALUES FOR TOOL LIST KEY IN TOOLING INPUT DATA FOR
CUT APPLICATION FILE

Subkey Corresponding tool name

00 (plank-no tool)

01 holder tool number

02 holder tool type |
03 insert tool number L
oL insert tool type |
05 chipbreaker tool number

06 chipbreaker tool type

o7 cutter tool number

08 cutter tool type

09 head number

10 grinding wheel number

Xl grinding wheel type

12 drill number

13 drill type

1k reamer number

15 reamer type

16 lap number

Y | lap type

18 honing mandrel number

19 honing mandrel type

20 honing stone number

2k "~ honing stone type

22 adapter number

23 adapter type

2k regulating wheel number

25 regulating wheel type

26 electrode number

27 electrode type

Cut Parameter File

The input deck for the cut parameter file consists of three types
of cards:

[

Machine class card
Material card
3. Cut parameter data card

n
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The input deck is formed as follows. The first card is a machine class
card. This is followed by several pairs of cards, each consisting of a
material card followed by a data card. Fach pair gives cut parameter data
for the machine class - material combination. The second, third, etc.,
machine classes are handled in the same way:

Machine Class card
Material card
Data card
Material card
.Data card

Machine class card
Material card
Data card

Tubles €23, C24 and C25 give formats for each of these cards.

TABLE C23. FORMAT OF MACHINE CLASS CARD FOR CUT PARAMETER FILE

Columngsj Form Data

i A N

4-23 A machine class name

25-28 I machine class code number

30-33 i number of material/data card pairs to follow

TABLE C24. FORMAT OF MATERIAL CARD FOR CUT PARAMETER FILE

Column(s) Form Data

l A "M"
4-15 A material description
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TABLE C25. FORMAT OF CUT PARAMETER DATA CARD

Column(s) Form Data

4-9 R depth of stock removed

10-15 R roughing tolerance, same type, diametral

16-21 R roughing tolerance, same type, lateral

22-27 R roughing tolerance, different type,
diametral

28~33 R roughing tolerance, different type,
lateral

34-39 R finish tolerance, diametral

Lo-ks R finish tolerance, lateral

L6-51 R tighest tolerance, diametral

52-5T7 R tighest tolerance, lateral

58-63 . R surface finish

6L-69 R maximum depth, rough cuts

T0-T75 R maximum depth, finish cuts

Machinability Tile

The machinability file is constructed from four card types:

1. Machine class card

2. Cut application/material card
3. Depth of cut card

4, Material specification card

The input deck is constructed hierarchically:

Machine class card
Cut application/material card
Depth of cut card
One or more material specification cards

Cut application/material card

Machine class card

Tables C26 through C29 give formats for these cards
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"TABLE C26. FORMAT OF MACHINE CLASS CARD FOR MACHINABILITY FILE

Column(s) Form Data

l A "C"

L-23 A machine class name

25-29 I machine class code number

31-3k i number of cut application/material cards

to follow

TABLE C27. FORMAT OF CUT APPLICATION/MATERIAL CARD FOR MACHINABILITY FILE

Column(s) Form Vata

l A "T"

L7 I cut application code number

9-20 A part material description

22-25 & low limit of part hardness

27-30 T high limit of part hardness

32-35 1 number of depth of cut cards to follow

TABLE C28. FORMAT FOR DEPTH OF CUT CARD IN MACHINABILITY FILE

Column(s) Form Data

l A HD"

k-9 R depth of cut (inches)

11-22 A recommended tool material

24-29 R Recommended feed (IRP)

31-36 ¥ R estimated tool life per edge (minutes)
38-%1 I number of material specification cards

to follow

TABLE €29. FORMAT OF MATERIAL SPECIFICATION CARD IN MACHINABILITY FILE

Column(s) Form Data
l A "s"
52-63 A material specification
65-T0 R reccmmended speed (SFPM)

-——
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APPENDIX D

COMPUTER PROCESS PLANNING LANGUAGE
AND LANGUAGE PROCESSOR

A special purpose Computer Processing Planning Language (COPPL) has been
developed to express process decision models. The language is English in
form and its vocabulary consists of common words and manufacturing terms.
Models written in COPPL are readable with little training or experience.
Therefore, models also serve to directly document the manufacturing rationale

of a workshop.

A language processor converts the process planning language into a
more efficient computer readable code. The COPPL language could be inter-
preted directly, but that approach would be less efficient. There are three
steps in converting process models written in COPPL: 1lexical analysis,
syntactical analysis, and code generation. The lexical analysis reads the
input language zonstructs and decomposes the character sets into words and
svmbols known to the language processor. The syntactical analysis determines
the structure of the language constructs so that the grammatical meaning is
known. The final code generation step produces the code that is stored in

the CPPP data base.

The first two steps of lexical and syntactical analysis combine to
provide the basic language translation function. This function reads the
programmed elements of a process model and through a "syntax-directed" parsing
procedure determines the type of elements and their grammatical stcructure.

For example, Figure D1 shows an example of a programmed element that might
appear in a process model. The language translation would recognize this as
a "simple metalcutting axiom” consisting of the structure in Table DI.

Turn outside surface on MCOLOO (Automatic Bar) in normal if
Surface is an open diameter (or)

Surface is a semiopen diameter,
surface is exposed (or)

Surface is an end $

FIGURE D1. EXAMPLE OF A PROCESS MODEL PROGRAMMED ELEMENT
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TABLE D1. EXAMPLE OF METALCUTTING AXIOM STRUCTURE

Structural FElements Parsed Language
Type of operation turning

Part surface reference outside surfaces
Machine reference MCO400

Part orientation normal
Conditional expression A+ (BeC) + D

The conditional expression has the form of a boolean equation. In this
example, a surface must be an "open diameter" (A) or a "semiopen diameter"
(B) that is "exposed" (C) or a part "end" (D). All programmed elements of
a process model have a similar structure.

There are six basic elements, called axioms, that can be used in
formulating a process model. They are: simple metalcutting axiom, ﬁultiple
operation metalcutting axiom, single feature metalcutting axiom, non-
metalcutting axiom, branching or transfer axiom and orientation axiom.
Examples of all but the last axiom are provided in Section 2.2.

The construction of axioms is governed by the syntax rules that have
been developed for the COPPL language. These same rules are used by the
language translator to parse programmed statements of a process model. A
formal specification of the COPPL language is given in Table D2, using the
Backus Normal Form (BNF) for language definition. By this method, each
language element or construction is defined in terms of lower level con-
structions until a primitive level of elements is reached. The BNF definition

is of the following form:

A 1= <X>KY>|<x<y >

The definition is read as ... A is defined to be an X, or a ¥, or an X
followed by a Y.

BNF language definition generally depends heavily on recursive definition
in which a construction is defined in terms of itself. An example of this
form is:

A = <X>|<Y<A>

This definition defines A to be an X or any number of Y's followed by an X.
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The last step of language processing is code generation. The code
generator produces a numeric computer code that is stored in the CPPP data
base and "executed" to produce process plans for parts of a particular part
family. The code generation process begins by interpreting the syntax
structure produced in the initial language translation step, The conditional
expression of an axiom is organized into a "transfer table" from which code
can be generated to evaluate the expression when "executed" by CPPP. The
transtfer table for the axiom shown in the example above is shown in Table D3.
The first line can be read . . . "if the surface is an open diameter then

transter to line 5, otherwise transfer to line 2."

TABLE D3. EXAMPLE OF CONDITIONAL EXPRESSION
STRUCTURE ORGANIZED AS A TRANSFER TABLE.

Line Condition Mransfer Transter
Number Or Action On True On False
e
1 Open Diameter bt >
2 Semiopen Diameter 3 L
3 Exposed 5 i
4 End 5 o
5 Cut Surface
o Surface Not Cut

Whenever a transfer is made to line 5, the table says to cut the surface.
Conversely, whenever & transfer is made to line 6, the table says the surface
is not to be cut.

The code generator produces a sequence of coded instructions that would
cause CPPP to operate in a manner equivalent to interpreting the transfer
table, An example of the type of instructions generated is shown below:

10 CLL A (Upen Diameter)
20 TNZ QQ
0 CLL B (Semiopen Diameter)
L0 TZE T0
50 CLL ¢ (Exposed )
60 TNZ Q0
70 CLL D (End)
80 TZE 100
Q0 CLL cuT
100 CLL NEXT
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Line 10 of the coded sequence is an instruction to "call A". This would

cause CPPP to transfer control to the vocabulary program OPEN DIAMETER,

which would test the particular part surface to determine if it is an open
diameter, The program returns a 1 if the answer is true, otherwise a0

is returned. Line 20 of the coded sequence is an instruction to "transfer

on non-zero". Therefore, if OPEN DIAMETER of the previous instruction returns
a true indication of 1, the instruction at line 20 will transfer to line 90
which is coded to transfer to a program called CUT -- this program identifies
surfaces to be cut in an operation.

The example and discussion provided above are intended only to provide
some insight into the code generation procedure. This is a complex program
and requires much more space to document than is available in this report.
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APPENDIX E

PROCESS DECISION MODEL FOR NITRALLOY SLEEVES

The process decision model used in the CPPP demonstration is given below.
CPPP executes this model to generate a sequence of operations for parts in the
nitralloy sleeve family.

Nitralloy sleeves are made from bar stock and generally do not exceed
six inches in length or two inches in diameter. Parts are characterized by
stepped diameters; complex groove patterns; through holes; tight tolerances and
surface finish; form conditions of concentricity, straightness and flatness;
and rotational and nonrotational features such as radial holes, windows and
flats. Also, requirements exist for gas nitriding, copper plating, through
hardening, nickel plating, electrofilming and other nonmachining operations.

Figure El illustrates the shape variance of parts covered by the process
model. The model has been programmed for a large family of parts with signi-
ficant variances of geometry, machined features, form conditions, etc. The
same model withminormodifications could be used for nonnitrided sleeves
and other kinds of parts of similar shape that are made from bar stock.

The model is programmed in the Computer Process Planning Language (COPPL)
defined in Appendix D. Explanatory notes, identified by an "N" at the right
margin, give the motivation for individual process rules or several rules.
These notes are not a part of the model executed by CPPP; they are ignored
when the model is compiled by the language processor. They are included
in the model to provide documentation.

Appendix F explains each of the special vocabulary terms used in the
nitralloy sleeve model.
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FIGURE E1. ILLUSTRATION OF DESIGN VARIANCE COVERED BY PROCESS DECISION MODEL
FOR NITRALLOY SLEEVES

|
{
{
20k
——— e v

J—




RTT-9L2625-14

TQUALlTYFﬁACTlCAB&I

THIS PAGE 1S BES

FRUM COr Y FURNLSE

N

M
M

M

H

N
H

N

N
]

3 LBL°0 19° SI KOISHIWIC w313, VIO
J1 (MIH0 801,303) HOEEIW HITw OB

NeHt 3HL 7180 0Lno
€ (8L°0 37° Si

LWOTSHGIKIC <317, VIO
4T (1daC NO9) GNGOIW HIT# ZHOE et <Hi Tl 060
(HM3ICNIMY Ss37834032) 00S0% WO G0 1S391.07

AHT.FP_..,*..&r\ meﬁo
*111a8g_NNS G TIIHMG «0133r3 Mg #3015 S TS
(HOT NdHL)Y IFICH d323C 3Rl 171180 0L GNY NWOILw»3A4AC Z70H 43370

L4

v 404
a0 OMT)IY2I07T 3H1 Qhldke Gl CznnV¥90dc 38Y SLZA3LIYLS 2324w Lx3l, 3H|L
T O1dhd ¢3¢ <S3'ICHYH =
N3141334S 0L (NNLg 4DYNEN4) Tulllm

¢ (a0YvdN3) G0262m 11 1 1341 1Y3M chno

(52°0) 23IL3AYIC 153900 ghILn, 53
(Ghu®0) NGTIVEYG3S w3LTWYIC AW THIA

SN 414STIVS 349 SHNOLLIONOD 9NI¥I”4 341 o 1CIACHd

%
‘

(CHY) Cra 'V ST 30594405

(€0) Q3Sadry= S1 3¥nivis
‘H3L3aYIC MN3HDUTLES vV ST 3en Va4

(80) G=2S0udX? ST Z2v44NS
CEZLANYTIU 11340 NV ST 23%44d0S

A1 AyrHor NI (3MIEIVA MVEB J11vaClnv) N0Hh02a i€ 32Y3¥Ns ZCT<LlNn 11dng

0eno

*H101i37 levd =H) 40 052
cw SN SY SNTasbe HIL3wvIC =NO 4Sv3T lv Nl
A} 05Ty 0Kt (Y3 LV

s 1INS3Y 15N + O11Y=Tdo
SI _(e30M0HS) 3215 d31S NIIINS3Y 3H|
m~ AMG_In) 39 71X mru»wsqnn *iNg 3¢ 1# CMZ 440=10n73 =41 "Ny
QM3 33H4 IH| 4SHLLg4Y1IC (Caac3lS) 1.3d01WsS Cry M3d0  *1allYIn3T¥g
AV LEO0M 1T LeVd ML 3avAS 01 UZhavXogbe 51 "CIlveden L¥3H 3H|

2 gNfES NG LS=7N0T o3 Iyud INITUEG 1200

‘tridviInIE1E,

IYRYOY THE 3P P SIH] == 0I5 AMgle 3HL Ul nzdo ST 1evVe -HL 40 _C)
1539107 WY Ave] 0S LdYd 3kl (NLZS) LnzIM0 714 LN3rsdY71c Lr73n 3K
» (1P0T09 LN Tg) w001y

¢ (MOHET) uGTOD™ LV IVIvILYw sV, 0160

S3A 3378 AOIVel T
SzTNE NOISESZT SLT50MA

0S5

«




THIS PAGE IS BEST QUALITY PRACTICABLE

FROM CUr Y FunNISiisD TO DDC e

RTT-9L2625-1k

N
X

N
M

M

(M0) s8N1lv3d 3943 gd¥HS v 10! ST 3
1GISgdx3 SI Sd
$3¥09y310NN0D v ST 3 il
41 3dvdAnNS 30¥SHT tMNL 20800
$ yT0* 370 SI H21.Wyg3101 val=weId
U0 1S3IYNGT foM SI ERIIIS
‘U 1S9V SI 3DV 4dNS
(d0) 3IoVv4 331738 Vv SI 3Jv4dNsS
(40) 431713y v SI 3HNIV34

(40) CG4SudXx3 SI 3dNn|v3d
¢34N1v34 Jo hmmwzcmu< LON mH mm:.cmmm

WyHD V ST 3¥n}

(¥0) d3S0dX3 SI JuN)1v3d
¢34NLv3d GO 1S39N0] vV 1oM SI 3YNtw3d
¢3A00H9 ¥ ST 3UNLV34

(HQ) ON3 33M4 Vv SI 30v44NS

(40) d3S0dX3 SI 3dNniv3d

i ‘1N 1oN ST 3¥ntv3d
$¥343nwVIA N3dOTIW3S V SI 3IuNiv3S
(40) JdaS50dx3 SI 30v4uNS

‘1D LoM SI I2v4nNs
‘Y313WVYTIA iv340 NV ST 3oy <dns

41_7S~3A3¥ NI %

(IHLV OM) 00GEIW 10 (@3NINHD JILvw0LNV) Ouhedw WO 3IVIUNS u?4wh:3 NYNL 0800

CNOTLVY3HO INTUTHEIIN ANV ¢NIMOTIT04
4»4: AIM SNLYI4 5350HL ~= 1ND 3y

ONTCONTYH9 A C3ITTVISNT 36 AN3LVW
JON T¥ A3HL 2o SAMAVIH 3902 daVHSes SV 03131113GT 3Yv S3MH84=241MN0D
A1 *CUMN3 ¥H gkl O gAunaT .n<& 3Kl 40 0uS* MIHLLIM 051VI00 ST
INCOUQ JHL M TOIAUNd CNv .»:m Sh_LVHL1 d0v%3LINCOI_v NI (i37VISNI
a9 01 MY AdHl 4T 10D =8 O0STVv TTIY SaMniv3d 3AC0ka 1NJ 34
0S¥ TIIM gM3 334 3l OL n3d0 34V LvHL (SeQf (13dd3LS) SINOHYILINNOD
*1N9H 9 O0STIY NMIm S3sNLV¥ad 431770 1ND 48 0S5V 51 (ON4
440=10P)) M2 94 SHL .uzh,u<r dVu 3HL LO UsHSINTA M448 2 VH ¢N0)
3MYNHIIGL M ad0 3400 V== 0Tu® CL IVNOT ¥0 Mwd)l SS37 ST SIONYus101L
SII 4T (3INJROW ¥¥e MO LMD HuNua SVM) DML HSINT 4 49 3710
Q0 1SZEOMYT Tl *KNOTLIvY3au SIHL KNI 1ND Je 174 INIHOVW Yy 8 W1 No

1N 10N DI4¥ JyHL Se(N (036d315) MIdOInaS w0 1240 ANV 1N jLvINIT YO
unzu>ux T 1eVda 3FHL adVHS 01l CswaV¥eQdo 51 I3wsdVis IX3N 3HL

206




THIS PAGE IS BEST QUALITY PRACTICABLE
FROM COrY FURNISHED TODDC

ek

ZZ2Z222Z

PREZ2 T TXRTLZ

=

RTT-942625-14

.Aor CMIH9 YU4 MI0LS 49 LNMCav 39¥YT v 3AV3T OL_1C* 0S) STQ°
MYHL H3IVIY9 €1 G3A0W3a 3c Ol xO0CL1S_3HL =0 INNOwY ZHL 41 730MHN|
rmwz«g A9 9qIM 40N pYHL 5537 7u;LaH3cum 3L Vu3CL _daVH Ny 03NN
HENO08 100 393 IVHL S¥3LIRVIC N3ILOIA3S *udlv GANNo¥e 3¢ 14 ATHL
ASIMYIRLI0 020N NVRL M=1Y3gy 38V SINZV 34IN03% ALINTEL'3DONOD
GNY £00° NyHL ¥3103ds IHY SINIWIYINDZH TONVAZT01 ¥l kL MH

IN3 37 KON 7IM 5215 d31S 1IVAS 20 350v5dk CAaL MEncy Lor 2w
h«tm (03dd31S) SUILINWVIC NZaCIWS  *C3Mmill HSIMI4 O MY 101082
28 IM 200° NVHL H3ILHYIL S3TLIODTGLIISNGD 0 _H00° Wiy 57 1h9I)
CIONVHZTOL HIIM nzu»us<uo == INIHIYwW dg¥& MO USHSINTS M35 SpVH GIN0D
0T0° NYUL H¥2I9MVTY FDONVHITN0L HLIIM SH3L3AVIC 0200° 0L VAL a0 KKYHY
HILVIHY ST INIWINUIY ALIDIHANZIDNGD ANV OV ¢GIQ° GNv_tane _133¥ 13w
m~ FINYMIT0L mumr& ONIGIACYd UnY ¢CaNdil HONGY w330 ATIND SAVH
A3H oguou,oxm 103 38 7IM SeCO0 (L3ad3)S) N3JOTRIS  *RATLY 13Tk
AVAMON NT 1¥¥d 3HL NMNL HSINTS 06l G3WnVHE9G¥e QI IN3IW3ZLVIC LX3Nn 3HY

T S33Y4 u3L34VIN 10D

SONI¥GTIN04 3IHL o anT3d

(GNV) Q0 1S39NNT SI 339 4dNS
41 IYRHON NT (¥301,I¥9 UQ0O) 000194 w0 (GO 1S3911071) 3Iv4HNS 3CISINC OHlYs
: * 4317130
ON ST 343H] 41 dhNNOoY9 um LA 32v4 Q0 SH1 MMl KHSINT 4 3F4) HO4
2AYIMNS opTIVI0T ¥ SY SA¥SS 1k dC 3Hd 3408 Neihl 00v OC 3HL
N32¥139 ALTISIMNINIONOD u>uHIU< 01 U3wav¥oyudd SI LM3n31VIC IX3EN 3HY

¢  IVWMEMN NI (3MOH 2I1VwOLlNV) 0000)n HLTIF JHOH N1 3HL N0

*3¥09 N¥HL 343 CNY S400 N33ML3E ALIJIGLNIONGD ONTIHIVLILY My 3IVIHNS
ONT YO0V Sy Q3SN 38 V3 1T LyHL 0S5 33¥43NS HIOOKS +11*" 34O«
0371IS ALMAISTISNOD ¥ 3IASIHIOV 0L Q3WnYXoubd SI IN3n3lVic LIX23n 3Hy

$ GLC°0 17° SI NOTSHEWIC «¢3L7, VI7
41 (dV HINIE) OUW0JW NU 3¥eY NEHL 3kl - V3M 0NV

Yy IUE wOMd SI390NYIN SNINOWM Z7IS T1IVnG 3kt L3710ud4 71
TIY¥3g0 SNOIAsud sH1 =20 3SNVIA3E 240 FHL 59 703 My 1w
1YHL SuMdMNE 3ACkIe D01 L3knVHou¥d 1 IN3L ..Z.<_n. IX3 Iy

$ 3JV4 3327738 Vv S1 3dvLUnS
(40) dH3173% v S1 300 V34d

(HO) YioOMNHYT Lavd*S*u 371° SI 'ol)v30 2HaL ., uu
¢S lV3s Ju0FMN4l 0D v 61 Zan{. 33
cru.uﬁ. X2 SI ser) 335

- .

$INOGEG vV ST 200 V23d

-

0110

00710

0end

207




(H0) 3dNLv3d 3903 JU¥HS v 10Y SI 2dnt .33 |
*1i1) 1oN S] sufil-34 |
$U=xSodx= SI 38N ,34 |

4348008340 V ST 3unyv3d

41 3DVIENS Z01SHT HENL H0eT0

3 HIONZT LaVdrs*0 371° SI voIL%207 Zunfv3d
.oumcaxu SI 32%4.NS
433k yH) v SI 32v4ENS

(¥0) N3 3304 v ST 33v4dNS

U°0 19°¢ SI LH9T3H #301NCHS
¢u0°0 17° ST AJIJIdiN3N.0D
(i3 1ok SI 3¥Nn1v3d
3S0dXx2 Sl me_gwu
‘Y¥313nY10 N3dUIW3S Vv SI 3univ3d

Amow n—c.o 19° SI [H8I3H #3071NOHS
en00° 17°* SI 20WvH3701 vl 3Iwyl0
«1(i13 10N SI 3Fdniv3d
¢03S0dx3 S1 3¥NIv3S

(50) G
‘

- a

k

THIS PAGE IS BEST QUALITY PRACTICABLE

FROM Cus X rUnndomsd TODDC _
<

3
8

o
“

" 4d4313nvICQ M3d0Iw3IS Vv SI 3£Ni1V34
(¥0) 200°0_39° ST_ALIDId44N3H.02D
‘nu0°0 39°* SI 3INVe3T04 Tvsl3wyl0
#1012 10t SI 3IHN1v33
+03S0dx3 SI 3u¥niv3d
$d313aVIC N3d0TW3S v SI 3¥N; V34
N
. (40) _¢00° 39° ST_AJIJIALININ.0D
enU0°® 39% SI 32LVe3T01 Wal3wvlia
euTO* L3¢ SI 3InY¥e3104 Tval3wvId
‘¢ 17° SI S1nd 40 _¥39..0H
¢102 SI 3¥N1v34
¢0350dX3 SI 3dniv33
¢d313nvId zunousmm V SI 34njiv34
o 41 Y. HOM NT =
= n (3HLYT IN) D0S2IW &0 (g3¥INHD JILVaCLNV) 0uh2oa 10 3IVIENS 3CTSINO K¥NL 0210
~ J
§ b swgnom onese a3z ¥ 51,0 e e S |
o ! —-I ) b
= y 135913 n:uwum:u e w N mm»«a a¢ wnzw 185°20-¥%3 8 ammz«xw “109 L
= N 0 J« MM M3 3344 ol ..aumcaxm.. AIACUHY LINONN ANY 3UNiIv34 |
s N uoou d¥YHS ¥ Sy auwuHFZN I LON 2Y¥Y A3H1 ON1GIAQUd ¢03nany xmubuu 3y ||
= N 0S¥V MIT¥ UNI 3384 341 Ol N3J0 =8V 1lwMi (SsCI (034431S) S3HGBY83ILNNOD
=

CRVT SURPYS oy




THIS PAGE IS BEST QUALITY PRACTICABLE

FROM COr'Y FURNISHED TO DDC o™

R77-942625-14

M
N

At

N

Z Z»

ZZZ2ZTZZZ N

-

TZ22Z

z Z

R i

w»

o o 5
ACHE ¥
NI (M3INMTH9 HUSN¥)) ulhTIIW HC (S3IAUGEY) 3avdars 3I0ISLnG CHi¥e HSNED c9T10
€ (090°0) ,011VYXHVd=ES 3FACCHY w1 Iv
$S1SIXs NOILIANGD gNire10d 3K S YCIACHA
(CNY) HU0* L ST 3onTx319L TgelzZwyvIC
¢¢ 17* ST S17D 40 H3S. N
$¥3L3nV1I0 N2dCTIn3S v ST 3xnV34

. (¥0) 1.3 1eM SI =¥n)v34
$¥313aAVIC M3dCIASS V ST 3Ny

734
(€0) Lii2 10" SI =401y 34
1V=

ACCX9 v S 3=n =
4

..I

ar yn
zu.xuaz4aonm:zu,coaﬁuszoﬁmu>ccuwvquucawuaumpacnz~anAma

€ 3A00Y¥D VIS0 Nw S1 3NN, V34

N x
Yz 6S10

31 uadON NI # o
(Y320NTYHe HSNHD) nohTda NO (S3A0CYHSL IY3S°0) Fyvdens 37ISLNC CMN1¥9 HSNY) onT0 2
SNOTLYNYAIS IAVH SIN0CES- 30 Nesiivd ¥ Nane S=todneic ¥h! o3
C a L3 - - (
Qa1v¥Yd3S 3§ 1SNnN wm>oo w CinNO¥9 HSNYED .mu:oorm mn» HigM Q?DDmu
HSN¥) 38 1M mzomhcmm SwIti¥iil NI Ind_JdonN SMILINVIC (G3d4d31S)
M3IdOTKH3S TYKWS pmmnu Q3TIVISNI 3V S3AC0u9 av3s-0 ONICGHIYS
KSNY¥I A8 S3ANCHY Jvasnl o4 Q3nnVYO0kd 3eY SINIWIIVIC =384L 3FHIL
3 I00°0 17° SI =2Hny¥3701 vMslv)
4T 3SHIAIY NI (MIONIY9 33Y4HNS) O00TTIwm 0 (N3 3384 =HL (KTYHS 0e10

. *T00°* VHL1 SS37 ST 33t gu¥3aTCL IvHIE1L1 S1T 41
ON3 440=1ND JHI CHIMY HSINIa 01 GZWnY¥008d SI IN3n3iVIe LXIN 3HL

T CQND ZGTINw
¢S1SIXx3 HOILIONCD SNIMFrGINCE 34l M T1QIAGHd

(GNYY QaSGdY? SI 5¥n) .34
fL34mYHD ST Jvrv3d

(uC) 11D L1o* S1 ¥ 34
*Uz"gAx1 SI 2ung. mm

C3NC0 ¢ ST Ny 4




inJIL1ICNUD
SL15IXzs NALLICNOD 9NI#QNd 3xl SMJUIAQEd

GuU°*nN 19° Si »yPie L3 -0

¢CoS0dX3 SI 3¥nv3d
$3TI0H TIVIaVE v ST 3EniVz4

3 0sS0dX? SI 3dniv3d
¢370H TWNICQNL19NOTY ¥ S 3:niV34

.&H AVAHON NI (SS3ed N1dC) QuclIldW NG (S3T0H) 32v4unsS =CQISiN0 1NIyw

Ug20 3ST3 ¢‘sunlvia gNIWILl InD SVH i1a¥<d +I N9Z2 Ou

e LEENID
¢inNd 10t

SI 3aniVv3

1 3HL sl
& S370H TV

S3¥MNIY34
3N 1M _nY.:90Md 3H)L
¥N1V34 027971Ikw u3MHI0
340 SNUIAZ4d THL Au

Lh3W3LVIS LX3H 3HL

3¥8 3903 3,08
I Sdn1y34

ghNITT VLS
*(SMOMIM
ANY TIYISHT 0TM AVNHO0
1ND SYM HNLVI4 ONINIL 3H

—i=u T
- obu

aNIWwy3130 O

= b

$A0UMIM MYTINON VLD
$38NLV34 ONIAIL V

TH1S PAGE IS BEST QUALITY PRACTICABLE
FROM CUs X rusuvloneDd T0DDC o~

<

$38NAVY34 ONTIWIL Vv

(4n) L¢asS v
*3uNiv3d

=

NT (3INIHOYW OMITT.) 0UeldW NO (241id¥33 SNIWIL) 33v3¥nsS 3aISins TIVASNI
dN13S 3dNiv32d SnInTL 804 IM¥ud IN3IYC
CIMIW3EINO3Y 3uNiVY3d 9nInIi SVYH lavd 41 0020 OG

*WC3 AE (3TVISNI

37 ISAW AHL 3DNTS 1wlCd SIKL 1Y C377VLASKI 76 L0N NTIM N3dVHS
ATHYINO3IUNT 3¥Y MO jivIr28INE 3y 2903 daVrS ¥ HAIM 3H08 3l O INI MvIdy
*U3dial 3aVv LVHl S3eN1v34_ 380337 (3NTVISNI

sHNIV34 ONIWIL ¥V SYV la¥g 3JHL_ =T

Z Z#

-

0gen 357z

VYH1 S390H OpY SMOCHTM

8 7IM 11 €370+ AnY 4SMGONIMm

4S107S AWVISNI 01l CannVuSO¥Md MV SINIn31VvLS IVa3A3S LX3IN 3HL
NI 431738 SS3HlS
DOGSTIW 1.1 1Ixvd Heng83ou

ZZ2Z22Z2Z22Z

O0TTdWd M3d (0642 3JVNXNNSE) ¢020iw ¢ (32¥iNaN4) uu2odw

OiNTLVHEIA)

=

R7T7-942625-14

(1] XA
0eco

01c0
0uco
0610

0610
0410

10

bl

“




N 3 13w 1OTLIQNGS 9 TAWTY
" ¢S1SIX3d NOILIONOD 9N1¥010d 3HL M dIAOYd

(GNY) G3S0dX? ST Zunt .34 { (d

ITY PRACTICABLE
DD.Q -—-/
=

eliin Lot ST Zyriv33
38 ] 41095 v SI_3enjv34
mwm ) 4T WYENON MT (MITTIW) 00E£TIw NO (1071S) 3IvdHmns 3QISiN0 wI¥T T7I. 43620
| 3
mm . $ 13~ NOIIIANOD 9NIWIL
m“w Q $S1SIX3 NCILIGNOD ONIMIINA 3HL ov1dIAcud
8% (GNY) G3Sodx? SI 3¥n1v34
=3 «1f3°10" 51 3¥0Lc33
o . ¢1vi4 vV ST 3uriv34
me ; 41 3SH3A3Y NI (Y3TIW) 0GETIa NO (LV14) dIv4uns 3QISLING 1i2vI 171, 0820
5 $ 13n WOILIGNGS O9MIWIL
N $S4SIX3 NOILIONOI 9NI¥GTT04 3HL 9TAIACud =
(GNV) Q3Scdx3 SI 3¥N1v34
13 10 SI 3dn1v33
¢1vI3 v ST Ny V34
N
z 41 WWMON NI (MITIIW) 00€TIw NO (LY1d) 3I74sns 30ISiNG LI¥3 I, 020
m s (2001090 HINIF) 2NTOLW ‘(HIN3T) uBi0dW Lv 3dniv3d SKIWTL ¥un®3( 0920
. . € 420 3573 ‘36NLV¥3d ONIATL i) SYH 1lavd 45 0920 Ou 0620
N $  13n #OILICGNOD OMINTL
m $SLSIX3 MOILIONWOD SNI¥CT02 Ind oM, CIACGHd

(Ov) GOU®0 19°* SI »Yy3¥t Jgu3 7,04

00sSudY3 ST 2wy .34
ep 41,2 Lot S] Syt 34
-7 " 0Z7CH NTLYM vy ST 30N Y34
n
g (d0) U=Sadx> SI ZU) . 34
& 15 1c™ SI 3¥0|+ 34
2 k 370K WWHINGLLAN0T ¥ ST 3¥N V34
[
= 41 3FSEIATH MI (SS3yd AIUC) COCTI™ Nu (S3T0H) IV AUNS =31C,N0C T (n20
[

ooy




QUALITY PRACTICABLE

OFY FURNISHID TO DDC

THIS PAGF IS BEST

FROM ¢

R77-942625-14

—

N
]

>4 3Igud 3,
‘CoSudX3 SI 2Nl
SI Z¥N)v

(ONV) GUO*0 L9° Si »v3My

W
wlo

11} 10OM =,
3704 TvIcVy v ST 3uNiv3d

(840) U.Sodx3 SI ZdNto3d
. *1i,2 10t SI 3¥un1y3d
¢370H WAIQNLIS0T Vv SI 3sNiV3d

(SS3ec TN1dWC) 00ST3W NU (S370H) 2D2vd4enS 331€iN0 TYH:

: SNOILYHIdO NV MI O LTNS3H 10N Ik

SINZWI YL O¥1 YNIMODTCS 3hd ‘UANIWILYYS SNOIAZED v AD 030VAISKI
N33O A0Y330Y ZAVH S3T0H 41 *U3TIVISNI Zuv S3BNLv3ad O0=2010Tw v
U314V O3 T S8V S30KH ‘SeIMInm AG O377visnI ST JunNivYsd 9NIWIg
3HL 41 == STI0H T1IVLISNI (¢l CIWWVYE90Mg 3dV SIt3IWILVIS OM)1 AX3IN 3HL

$ 13w NOIJIANGD SMIWIL
$S1S1Xx3 NOLLIAGNOD 9ONIMEeTI04 34l 9MIGIAQHd

(ONV) mOAaKIM ¥YINSIVLII3d ¥ SI mm:.:uu
4500°0 19° SI wv3I¥e 3903 2,08
*(3Sodx? mu wms_cwu

«1D 1ot ST 3¥Niuv3d
SMUCNIM v ST 3uNLV34

(¥3771w) 00€T1Jn vO (MOUNIM) 33vdunNs 3QISLIN0O #2V3I T Ia
$ 13a NOILIGNOD SMIWIL

$S1SIX3 NOILIAONGI 9ONIMQTIN04 3HL 90 1CGIAQHd

(CiV) MOGCNIM XVINONYLIDZH YV SI 3¥nlv34
$GU0°0 19° ST WU3MH 3903 308
¢dssadx3 SI Zwen)u3d
«{fi3 LCMN SI 3¥nje¢3d

‘MUONIM v ST 3HNIVI4

31 TYWHOM NI

41 3SH3A3IH NI

(H3711w) U0ETIn O (MOONIM) 3JV4yNS 301S1N0 wI¥V3 TIw
% L3n NOTLIIANOD SMINIL
$GASIX3 NCILIGINOD oNI¥GTITCS 3KL 9M101A0¥d
(GhY) (G3S0dx3 SI 3¥n1.34
«liiD 1oM SI 3dNnyy34
“107S v S1 3ungvi4

(107S) 3Jv3ens IAISLN0 =IO¥3 NIw

41 IYWMOM NT

41 ASU3IALDY NI (¥3T1TIW) 0GeTin NO

0t¢0

0cg0

0T¢co

00¢0




|

7 sope g g

PRACTICARLE

S BEST QUALITY
URNISHED 10 ppg

THIS PAGE 1

FROM Copy p

R77-942625~14

Z®

Z2 2 Z 2 2222222 Z Z ZT Z 28 2

3v4:0NS
mw<ta3w
IV 44NS
41 IYWHON =
NI (¥3ANTY9 01) O009TIOW NO (S3IVAYNS A3CIHLINN) 3IYV4HNS 3CTISNI GrTY9
au0a P 5OTE 5 Syt
. 45
132v4uNS mwmumbuz v Wn wu<um3m
. 41 3SHIAZY =
NI (H3AMTYO NI) 009TIW NO (S3JIVIMNS Q3AIYLIN) 3IYNS JAISNI ONIY¥S
% IYKHON NI (3NOH JI1VWOLNV) 00600n NO 3¥08 MY¥H]1 3HL 3MNOH

€ (528h XNNVL) TOCULWw *(XNVL) QOELODW NI LMyd MSVWNN
¢ OT2dWd ¥3d (G29h XANVL) TOEO0Lw ‘(HNVL) O0E0dW LV 4¥Vd4 31¥d ¥3dd0D
$ 30v3unsS 030I¥LIN ¥V SI 3Iv4iNs

41 (948% HINIB) COTOLW ¢ (HIN3B) GQGOTOIW LV S3JVHUNS G3ATHLIN MSVw

°ONNOoY¥9 3 Q30JYLIN 36 01 SIIvdyns 340BuIINNOD ANV

cay B g o e el S Jeod naty, S U AT ALORD
w:h oh.zmumm oowOu!h N wm AVin meQumDm YOBY¥ILINNOD dO mcom D&I»
G3HL  1¥VYd 3H1 30THLIN Ol Q3WWvYd90¥d I¥VY SINIW3LVIS 40 13S LX3IN FHL
(200090 HON3B) 2O0TOLW ¢(HON3E) QO0T0NON LV L¥vd ¥¥NA3Q

€ 04£0 3S73 ¢3dNiVY34 IA33TS LIN) SVH Lyvd 41 09¢0 04
$ 13w NOILIGNQOD OMIWIL

$SL1SIXH3 NCILIGNGD ONIM¥GTMNA 3HL SNICGIAOYUd

(GNJ) SUD°N 19° SI wv3¥e 3903 409
+03SCdx3 SI J¥Niv3d
.}:u 10" SI =3¥NIv3d

.wJoxquoqacmuux:»um

(¥0) 03Sodx= SI 3¥Niy3d

‘1n) loM SI 3¥Nnls3d
.UJOI J(ZnQDWn@ZOJ cmnwmap<mm

41 3S¥3IAIM NI (SS3yd MTMIY0) 002TIW NO (S3T0H) 3Dv4HNS 30ISIN0 IITYHU
$ 13w (OI1ICNOD SNIWIIL

*SASIXa NOILIAONOD ONIFGCTIN04 3nl oM1QIAQYHd

$

0ch0

0THO
0040
06¢0
08€0

01¢0

09¢0
0S¢0

0heo

el3




THIS PAGE IS BEST QUALITY PRACTICABLE

FROM COx X FURNISHED 10 DDGQ e

RTT-942625-14

7_
M

N

,..

N
N

N
]

2 L3 Lot SI 3dni1v34
‘MOCIM v ST 31Ny v34
41 (3INTHIvW WQO3) 00oTIIW NU (SAOUNINM) 3DV4HNS 201S1IN0 WAl

£ LD 1ot SI 3dnt¢34
¢370H TVIGYY ¥ SI 34Nnjv34

(&0) 11D LON SI 3¥N1y3d
¢37WH VNIAGNLIONOT v ST 3y¥NnyV34

41 (INIHOYW WC3) w08TIW NO (S3TCH) 39v3uNS 3N1SLN0 WA4
$ 3IuNLv34 9NIWIL v ST 33niv34
41 (IN[HIY WO3) 008T2n O (3MNLv3d ONIWIL) 32vayns 301SIN0 w03
$ dNI3S 3dndvad ONIWIL ¥0d L1Xvd IN3THO
§ @QUSO 3513 *3uNlV3d ONIWTL LMD SYH Lyvd 41 0260 0Q
101 SYH_(VHI WLV w%ﬁm%mmmwmmzw 3 A8 EL ofilardiin Sm
01 HOTud OnIIA AR O37IVISNI 38 10N A9NCITIVYHL 3u0LV33 370H_HO
MOONIM ANY IVISNI OL Q3hWnVa90¥d 3MV SIN3w31V1S IWu3AZS LX3IN IHL

$ Q31v71d A3INIIN SI 32744NS

31
TN2SH ONY 022dikd ¥3d (0LPh MNVL) SOEULiv 4 (XNvL) 00€O0DW WI 31vidI3NIIN

$ 1nd SI 3Jv4xNS
‘U31Y7d N3AJIN LON ST 3IY 48NS

47 (9Luh HINIE) ¢O0TO0LW ¢ (HINIE) 00TO0OW 1v 31V7d I3NIIN 04 NSVW
¢ 06h0 3573 ¢IN3A3HINOIY 31¥Id I3INJIN SYH Lyvd 41 0Lh0 0OQ

.T@wﬁwc oa«& thzHquuu&ﬁmw>w2m13
J¥vd 3IHL 31VId I3NDIN Ul 03WnVY490Md 3¥Y SINIWILVIS LIX3IN 3HL

€ LhhSH QMV 62Gdnd ¥3d (09G4 HINIY) H0TOodnw ¢ (HOMN3B) O0TINHW LV Idd
$ 0712did H3d (Qz%h MNVL) 20€0lih ¢ (YNVL) 00€0dm NI UVig ¥34¢0D dIdlS
$ 22vaHNnS a30IYLIN vV SI 30v 48NS

41 SNSdRd
ONY CLTTSH »3d (ubL2 3JVndNs) E0cULW ¢ (30VHdNnd) G02uoW NI 30IMLIN

0£€S0

0€s0

0t1s0
00S0
06h0

0840

04h0
0940

050
000

0Eh0

214




THIS PAGE IS BEST QUALITY PRACTICABLE

FROM COPY FURNISHED TQ DDC e

RTT-9L2625-14

ZZ2ZZ

T 2 22222 2

2 22 2

z2Z2ZZ 2 2 2

*3u08 WL 40 QNI S0 1Y G31vICT SINNLYIS
2903 dM¥YHS ANINS HSINIA 0L Q3WWYESOMd 3V SANIANZ4V1S O%1 1IX3IN 3HL

$ 0c¢00° i1 SI 3INVHITOL wyl3wvia

430v38NS C3IQINLIN v 1o SI 3JIv4+NS

¢Qd3€cdx? SI 3IIY4:NS

43408 ¥H1 L10M SI 3I¥44NS

‘¥a3l3wgId ¥V SI 30v¥3UNS
41 VWEnN NI (E30NIN9 Q@) O0C9YIIW NO 3JV4uNS 3ICQISKNI HHV3 OnI¥o
$,39200° 113,35, FANvuaT04 QvyisH
30vaUNS J3QIYLIN v LoM SI 32v4eNS

¢03s0dx3 SI mwmu

$0 G O 18 v L 2350405
41 3SH3A3Iy NI (Y3ONINS GI) 009TIW NO 3IIv4unS 3AISNI HIV3 GnNTYHS
NI_ONNO¥S 38 TIIM ¥313WVIQ HIVI  *8000° NVHL SSiH SIMYNATOL- IAVS
1vHl m.m~ ONTHO HSINIE 0l Q3IWWVHE9ONd 3NV SINIWILVIS os-w»xmz uxn
_ $ S3JV3 ¥ILIWVIA LN
tONIMATN04 3H4 OMIANTINT
aud@ M 50003 8 By 2ehe
¢32¥3HNS G3GIY¥LIN ¥ SI 3DV4HNS
41 WRYon NI (¥30NI¥9 GI) 009TJW NO 3Iviyns 3CISNI HIOVI GNIY9
. $ S33Y4 ¥ILIWYIN AN
tONIMETII0E 3HA OMIANTINT
; mmozuv owmoaxw wu WU«umwm
«25v3ens 0g01%, 1R w32 2 2594MRs
41 3Su3ATY NI (YIONIYO GI) 00913W NO 3Jviuns 30ISNI HIVI ONIN¥O
€ (H00090 HIN3E) OTT0LA *(HIN3IE) 00TUOw 1Y 3¥OL N¥WL M¥NA3G
€ (3NOH GNVYH) 004ToW h1IIM IUOE N¥H) 3H) 3NOK
v <ounows SYTEEEESTAYINATS, 4 Ml haoRe, 26 TS BR12ENNC
AT T 35743y Q98 811 Adx ETAA]

¢ (STYOIHIUINNOI_CNV_INOH NUHL v iais OM4 sad
whurn.. 3v] 3A0N3Y 0L G3navd90ad mcc SINIr31VIS 40 135S 1IX3N 3HL

06SG0

0&S0

0Ls0

09s0
0SS0
0hS0

215




e o gt i i M, 55 g

(aU) ®w 27° oI HSINIS 3Jv .05 ‘
£} CaudX3 SI 2274.NS
340 MAAL v LCM SI 3Jv4aNS
w ‘H3laayI0 VvV ST 32¥4HNS

41 ¢
GISHUIAIHENT (g¥ 1IN3w) CNB0dw HLIM (u313aVIT) 32ud4dNS 3GLISHT HIYI dY¥1 0%90

T

$ T0n0°* 37 SI SSZHGHOu
N *CsS0dx3 SI 20V 405
$3a0u Myl v 10* SI 2274.NS
N *H3lany]I0 V SI 33v4HNS
(801 2C000° 371° SI ©S3NIHIIY~ALS
¢(0zS0dx2 S1 Wu«;sz
*4g0u NHHL V LOYM SI 32¥4-NS
" ‘Y4laayIC ¥ SI 33v¥.4dNS
(d¢) Hu00°* 37 ST 32..ve304 TelisWvl1a
N ¢03S0d¥3 SI 32Y4-N
320w NHHL ¥ 1ON SI 3Jv4.N
‘Y¥31lawyI0 V¥V ST 33¥44dNS
N
(40) g 37° S1 xmﬂzmu 3274.0S
40390dXx3 S1 muquxbm
*3d0m NHHL % (oM ST 3JIY4.4NS
*q3danyIC V SI 302Y.4uNS
N

41 AYWHOHN NI (gV¥7 pIMN3k) 00B02n HLIM (8313aYI0) 32v4HNS FUISH T HIY3 d¥1 €90 o3
; $ Tn00°* 17° SI SS3INN.NOM
3 (¥Q) TUUO* 37° ST S$S3ANIHOT YIS
(gU) n000° 37° ST ITNH3T0L WEL3.VIN
i (80) v 37° SI KSINI4 33743805
w 41 VWdON NI (3,0 UNVH) 00413« HO 3Y¥CGa MigHL 3HL AY7 0290

N CHGTINTY S 32Y38NS 850 S3ONVe3N0L UHUT L ATDW3adX3 9ONIMINO3u
M S3IIWAUNG 01 av) 0L C3anwvd90dd 38V SINSw3LIVIS 40 L3S 1IX3AN 3HL

% U3Scdx3 ST =Hnt ;34
$38NAV34 3903 dHVHS Vv ST 3aniVid
N

47 QVWMON NI (MIONTeS CT) 0U902n MO (SH3L3WVIU) 32Vadns 3CTGNI dnlvg 01s0

$  039nd¥x3 SI suniyv3d
g ¢3¥NLV3 3903 JAvHS ¥ ST 3801V34 b

41 ISHIAIM MI (H3MMTuS OT) 0u913a NHO (SU2L3wvIu) 39Y3¥Ns 30ToN1 OnLI¥S 0090

ey

et ——— . 2

THIS PAGE IS BEST QUALITY PRACTICABLE

FROM COr Y FURNISHED TODDC e

o it AN 0
A A A

RTT-9L2625-14




TICASLE

(& ]
mm T ON3  0hL0
wm o ¢ (L00DO9 =
4 HIN3E) 6nTOIW ¢ (HINIE) 001000 AV ¥3ATI3C ¥ YIvd 3IA¥ISIHA NY3ITD  0€L0
m”m s T (n20L HONIN) 2GTULw *(HINIE) N0TUJw 1Y NOILIIASNI WNI4 0220
(/2]
== " $  3IIVA¥NS WII404LI373 NV SI 3IIV4UNS
z3 o 4T (SL6h HIN3E) 90TOLW ¢(HIN3E) gOTNIW LV wIr40¥13373  0T20
N
mwm $ (9829 MNvi) h0COLm ¢ (MNVL) ONEODn NI 1¥YH4 HSVM  06L0
M "
& z ¢ (S0006€ HONS2) TTTOLW ¢(HON3E) 0030Dw 1Y 1¥VA YNV. 0690
$ (G229 ¥\V1) SOSOLw ¢(¥NVL) Q0C0DW NI NY31D JINOS 0890
3 .
¢ (500090 HONIE) OTFOLW ¢(HINIE) 00TO0Dw IV M¥NE3C 0490
" (MHO¥ATVL) = .
» I00ZLW ¢ (ONOMATYL) 00020W HLIIM 3¥OA N¥Hi 46 SSINGNAGE ATdWYs & 0990
N
i € (¥3QM0II40Y¥d) 006Tdh HAIM 3u0& NMHL 40 SSANLHOIVNIS IVdWVS 0690
N *1¥Vd THL oNI¥IVd ANV ONINV3TD 4ONINdyw 40 1133dSNI
N 204 SNOTIYHIMO 3LYHINIO OL GLIwAvEOO0Hd IV SINIKILVIS 40 135 1X3N JHL
G $ T00U°_37° SI_SSINCMI0d
¢035Gdx3 ST 3IV4eNS
¢34ow NMHL v Lot SI 3Jv4.NS
ou3LaryIa VST 3)v4HNS
v A (80 <000° 4315, ST -AS
O 74
= ‘3408 Mand v LOM SI 3IY4:NS
! eu313py10 ¥V ST 3DY4YNS
8 A (¥G) HuGO® 37 SI 3u¥aTI01 JvuLo 10
S( = 3 &
% ¢4501 N¥HL V 10" ST 23v1.0S
1 v4lalyIC vV S1 3ovLNNS
= N
~
i [+




RT7-942625-1L

APPENDIX F

VOCABULARY PROGRAMS

Process decision modeling enables process planners to develop their own

vocabulary when expressing the models in the special computer process planning
language (COPPL). CPPP requires that each vocabulary term be defined and
implemented in the form of a '"vocabulary program." These programs are executed
by CPPP for each occurrence of the respective vocabulary terms inthe process
decision models. FEach vocabulary program is programmed to perform one of six

1.

general functions:

Perform logical test for part surface/feature. These programs answer

"true" or '"false" for a given part surface or feature. For example,
the program for "semiopen diameter" determines whether a given surface
is part of a semiopen diameter.

Determine quantitative attribute of part surface/feature. These

programs retrieve or calculate a numerical value associated with
a particular attribute of a given surface or feature. "Diametral
tolerance," for instance, retrieves the diametral tolerance of a
surface.

Perform logical test for the part. Here a "true" or "false" condition
is determined for the part as a whole. One such program is "nickel
plate requirement," which gives a positive answer if any portion of
the part is to be nickel plated.

Determine quantitative attribute of part. These programs retrieve
or calculate a quantitative attribute of the part as a whole. "Part
length," for example, returns the finished length of the part being
planned.

Test acceptance of defined operation. These programs may modify the
list of part surfaces/features participating in an operation. They add
or delete surfaces/features from an operation or leave the operation

as initially defined by the process decision rule. For example, the
vocabulary program "minimum diameter separation" will selectively
eliminate diameters from being cut in an operation if adjacent dia-
meters are not separated by a specified minimum distance.
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6. Establish standard part orientation. This type of program sets the

normal part orientation. Subsequent uses of the words 'normal" or

"reverse'" in process rules are interpreted accordingly.

For instance,

"longest OD setup" establishes the normal setup orientation as that in
which the longest outside diameter of the part is exposed for machining.

As the functional classification above suggests, the use of vocabulary terms
in a process decision model must be compatible with their context. Table F1
identifies the appropriate use of each vocabulary class in terms of the lan-
guage constructions specified in Appendix D.

TABLE F1. VOCABULARY TERM USAGE

COPPL Usage

Class | Function
. Perform surface logical test
2 Access surface attribute
3 Perform part logical test
L Access part attribute
5 Test acceptance of operation
6 Orient part

Feature conditional statement
Single feature metalcutting statement

Attribute conditional statement
Conditional transfer statement

Attribute conditional statement
Conditional transfer statement

Proviso function statement

Orientation statement

Table F2 lists the vocabulary terms used in formulating the process
The model is given in Appendix E. A

decision model for nitralloy sleeves.

brief description of each vocabulary program is provided below.
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TABLE F2. VOCABULARY TERMS
Term Class Term Class

Bore Edge Break
Chamfer
Concentricity
Counterbore

Count erbore Feature
Cut

Cut Diameter Faces
Cut Sleeve Feature
Cut Timing Feature
Diameter

Diameter Dimension
Diametral Tolerance
Electrofilm Surface
End

Exposed

Feature Location
Flat

Free End

Groove

Largest OD

Lateral Tolerance
Longitudinal Hole
Longest OD

Longest OD Feature
Longest OD Setup
Minimum Diameter Separation
Minimum Groove Separation

VMUVWOAKFRKFHFLODHFHFEFRFEFLODFEFHFFDLDUODRFRFWOWWWMEERERFDRFD

Multiple Cuts

Nickel Plate Requirement
Nickel Plated

Nitrided Surface

Number of Cuts

Open Diameter

0.Seal Groove

Part Length

Radial Hole

Rectangular Window
Relief

Relief Face

Resulting Longest Diameter
Roundness

Semiopen Diameter

Sharp Edge Feature
Shoulder Height

Sliot

Straightness

Surface Finish

Thru Bore

Timing Condition Met
Timing Feature

Timing Feature Requirement
Timing Feature Setup
Window

HFOWHEFWHFRLODRONFEFODHEFRERODUOKHKFEFRFEFEFEFERERFDLDERWWYD
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CHAMFER

! CLASS 1 -~ PERFORM SURFACE LOGICAL TEST
CHAMFER i
|

Determines if a feature is a chamfer
or countersink.,

RS —

COUNTKRBORE

Determines if a part surface is a §§§§\

surface of a counterbore feature. \ ~—__ SURFACES OF
BN COUNTERBORE

The surface can be either an interw
nal diameter that is open to one end
of the bore or the upstepping verti-
cal or tapered surface intersecting
with the counterbore internal

diameter.

COUNTERBORE FEATURE %

Determines if a feature is installed /

in a counterbore surface. ‘ FEATURE IN
l ' COUNT ERBORE

CuUT

Determines if a surface or feature
has been cut in a previous operation.
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DIAMETER PRIMARY
DIAMETERS

Determines whether a surface is a ,g/;;’

primary diameter; the diameters of a

feature are not considered primary M

diameters., - e

ELECTROFIIM SURFACE l

Determines if a surface or feature
has an electroifilm requirement.

—

) END
3
Determines if a surface is an end of
| ~=—END
the part. .
i e |
i
BEFoRED EXPOSED |
SURFACES ’
)i Determines if a part surface or fea-
] ture is "open" as seen by line of 1 !
sight from the free end of the part. ’

an interference in the line of sight.
Machined features (e.g., grooves)
are exposed if their parent surfaces

A surface is not exposed if there is /

are exposed.,
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FLAT
FLAT
Determines if the feature is a flat
or whether there is a pattern of —_—
flats (e.n., multiple flats angu-
larly displaced around the
circumference),

FREE END

Determines if a surface is the ex-
posed end of the part (the right end FREF
in a setup). 222" END

GROOVE

Determines if a feature is a groove.

GROOVE

ARGEST OUTSIDE DIAMETER
——LARGEST
LARGEST OD

Determines if a part surface is the

largest outside diameter. 1522




——
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LONGITUDINAL HOLE

Determines whether a feature is a
longitudinal hole (the axis of the
hole is parallel to the part center
line) or whather there is a hole
pattern (e.g., bolt hole circle).

¢ —— e

LONGITUDINAL
-+ HOLE

LONGEST OD

Determines whether a surface 1is the
longest uninterrupted outside
diameter.

LONGEST OUTSIDE

/ DIAMETER
7z

LONGEST OD FEATURE

Determines if the feature is in-
stalled in the longest outside
diameter.

FEATURE IN LONGEST
/ OUTSIDE DIAMETER

£ Ih.__

\\\‘

NICKEL PLATED

Determines if a surface or feature
is to be nickel plated.

NITRIDED SURFACE

Determines if a surface or feature
is to be nitrided.
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OPEN DIAMETER

Determin~- f a part surface is a
diameter <_en on both ends (#.e.,
does not intersect with other
surfaces to form upstepping shoul-
ders).

0.SFAL GROOVE

Determines if a feature is identi-
fied as an O.seal groove,

RADIAL HOLE

Determines whether a feature is a
radial hole (the axis of the hole is
perpendicular to the part center
line) or whether there is a radial
hole pattern (e.g., multiple holes
angularly displaced around the cir-
cumference).

RECTANGULAR WINDOW

Determines if a feature is a window
of rectangular shape.

OPEN DIAMETER

A

RADTAL

HOLE\
/N
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REL IEF

Determines if a feature is a relief.

RELIEF FACE

Determines if a part surface is a
face extending out from a relief
feature,

SEMIOPEN DIAMETER

Determines if a surface is either
the shoulder (vertical or tapered)
or diameter of a semiopen diameter.

SHARP EDGE FEATURE

Determines if a part surface is the
diameter or face (vertical or
tapered) of a bounterbore with a
width and height less than or equal
to .020. This counterbore must be
adjacent to the thru bore.

S~ SHARP EDGE FEATURE

RELIEF

4.

RELIEF

/ FACE
Z/n

SURFACES OF
SEMIOPEN DIAMETER

720
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SLOT

Determines if a feature is a slot or
whether there is a pattern of slots
(e.g., multiple slots angularly dis-
placed around the circumference).

~+———SLOT

THRU BORE

Determines if an internal diameter
is the smallest one and is open to
both ends of the part.

* /‘ THRU

BORE

TIMING FEATURE

Determines if a feature is a timing
feature.

WINDOW

Determines whether a feature is a
window or window pattern

(e.g., multiple windows angularly
displaced around the circumference).

/ Yw IN DOWS7

A 7 V2%

T ————
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' CLASS 2 -- ACCESS SURFACE ATTRIBUTE |
BORE EDGE BREAK 4, i
| Accesses the edge break condition at 591
the intersection of the feature -+ f
| (hole or window) and the bore. : / |
o % ;
A"\ :
' { EDGE BREAK ON HOLE = !
i
CONCE c
eIy A O[A].001
Determines the tightest concentric- 22?7 \ O] Bj.002
ity condition associated with a
diameter. If there is no concen-—
' tricity requirement, a large default
value is returned. e L _B e

DIAMETER DIMENSION

Retrieves the dimensional value of a
diameter surface,

DIAMETRAL TOLERANCE

Retrieves the dimensional tolerance
of a diameter surface.
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FEATURE LOCATION

Determines the location of a feature
as the lateral distance from the free

end of the part.

}———DISTANCE ————

i

LATERAL TOLERANCE

Retrieves the lateral tolerance
associated with a part surface or
feature.

NUMBER OF CUTS

Determines the number of cuts that
have been made on a surface or
feature.

ROUNDNESS \

Retrieves the roundness condition

associated with a diameter. If there

is no roundness requirement, a de-
fault value is returned.
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SHOULDER HEIGHT SHOULDER HEIGHT

Determines the height of the shoul-

der associated with stepped outside
diameters or inside diameters.

72,77

STRAIGHTNESS

Retrieves the straightness condition
associated with a diameter. If
there is no straightness requirement,
a default value is returned.

SURFACE FINISH

Accesses the finish specified for a
surface. If there is no surface
finish requirement, the program re-
turns a default value.

L A i e e T Bt
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CLASS 3 -- PERFORM PART LOGICAL TEST

CUT SLEEVE FEATURE

Determines if a sleeve feature (slot,
flat, window or hole) has been cut in
a previous operation.

CUT TIMING FEATURE

Determines if a feature desig-
nated as the timing feature has
been cut in a previous operation.
If the part does not have a
timing feature, the vocabulary
program will return a default
answer.

NICKEL PLATE REQUIREMENT

Determines whether the part has at
least one surface or feature that is
to be nickel plated.

TIMING FEATURE REQUIREMENT

Determines if the part has a timing
feature control for installing other
features.

[ — - — -—— -

 SE——
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CLASS & -- ACCESS PART ATTRIBUTE

PART LENGTH

Determines the overall length of
the part.
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CLASS 5 =--

CUT DIAMETER FACES

Adds a face or taper of a semi-
open diameter or counterbore to the
list of surfaces to be cut if its
adjacent diameter is to be cut in
the operation and there is no cut
relief feature.

ACC

MINIMUM DIAMETER SEPARATION (X)

Determines if the distance between
adjacent diameters formed by the
operation is at least equal to a
specified minimum (x). The program
determines the combination of cuts
to be made if these diameter separa-
tions are less than the minimum
value.

D IAMETERS

| T HEIGHT BETWEEN

o

MINIMUM GROOVE SEPARATION (X)

Determines if the distance between

adjacent grooves formed in the
operation is at least equal to a
specified minimum (x). This program
determines which grooves should be
deletad from the operation if there
are separations less than the
minimum.

Ny

DISTANCE BETWEEN GROOVES

—i
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f MULTIPLE CUTS

Determines if more than one surface _ i h
, is cut in this operation. If not, f
5 the program will delete the opera- i
tion.

RESULTING LONGEST DIAMETER (X)

Determines if the length of the

longest diameter formed in the

operation is equal to or longer than

a specified percentage (x) of the ,
part length., If the length is less :
3 than the minimum, the program will '
delete the cut(s) so that the re- 'f
maining diameters to be formed are L
equal to or longer than the minimum. it

TIMING CONDITION MET

Determines if the timing feature of
each feature (e.g., flat, slot,
window, hole) to be cut has also been
cut or will be cut in the same opera-
tion. If a feature has no timing
feature requirement, the condition is — :
considered met. The program will
eliminate any feature from the opera- i
tion whose timing feature is not cut. ;

I AT,

TR
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CLASS 6 == ORIENT PART

LONGEST OD SETUP

Orients the part so that the long-
est outside diameter is located on
the exposed side of the part in
normal orientation.

LONGEST OUTSIDI

DIAMETER
7

W

o

TIMING FEATURE SETUP

Orients the part so that the timing
feature will be open (exposed) to
the right side. If the timing fen-
ture can be seen from either side,
the part will be oriented so that
the feature is closest to the right
side.

|
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APPENDIX G ;

i TYPES OF CUTS

i Detailing of a metalcutting operation includes determination of the type
} of cut made on each part surface or feature machined in the operation. CFPP
! uses cut application programs to make this determination. (See 2.3.3.) f

For each machine tool in the CPFPF data base, there is a list of the types i
of cuts the machine can make. Associated with each cut type is a computer {
program that tests the workpiece data for the particular cut. When CPPP plans
an operation for a machine tool and cut sequence, the appropriate type of cut
is determined for each cut in turn. This is done by invoking the machine's cut
application programs until the applicable one is encountered. Thus, a cut
application program is programmed as a logical function. It responds "true"
or "false" to the proposition that its associated type of cut is appropriate
for a given part surface or feature to be cut in the operation .

Table Gl lists the types of cuts available in the demonstration CPPP system.
The remainder of this appendix gives a description of each cut application
program.
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TABLE Gl1. TYPES OF CUTS |
Turn and Form Shoulder or Radius Form Chamfer
Bore and Form Shoulder or Radius Drill Bore
Face and Form Diameter or Radius Drill Bore and Bore ;
Turn and Face Drill Bore and Ream
Bore and Face Drill Hole
Face and Turn Drill Hole and Ream
Face and Bore Countersink
Turn and Clear Shoulder Grind Diameter
Bore and Clear Shoulder or End of Bore Grind Face .
Face and Clear Diameter Grind End
E: Turn Open Diameter Grind Diameter and Face
Bore Open Diameter Crush Grind ¢
Face Open Hone Diameter
Cutoff Lap Diameter
Generate Contour Mill Feature A
Form Tapered Contour EDM Feature
Form Groove Shape Feature i
Plunge and Cut Groove Tap Holes ~t
Form Fin
I
| .
'
i
!
)
.
|
.
L
h
|
.
1 ‘9
Jd 1
| §
; & |
{ 230 |'
: - |
) - ]
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' TURN AND FORM SHOULDER OR RADIUS |
\ BORE AND FORM SHOULDER OR RADIUS i

An upstepping external shoulder or down-
stepping internal shoulder is formed by

fraebrf | |
the shape of the cutting tool. The J__ |
shoulder may be a straight surface or a h 1”””! ; r e

radius. The included angle may vary from

90° to 135°, with a maximum taper length T

of .400, depending on the type of lathe
control and whether a rough or finish cut
is made. Tapered shoulders are generated
on NC or tracer controlled lathes except ?

for rough cuts where standard cutter tools "——’l

can be used. One or more cuts may be re- _L

quired, depending on the amount of stock h “““w
removed in each cutting pass. The parame- T ! Vi
ters of the cuts are specified below:

g 3 A ..

Manual, Automatic | Numerical Control, |

e of Machine | Semiautomatic Tracer Lathe
i vpe of Cut rough finish [ rough finish
\ Included Angle 90-135 90-135 | 90, 105, 90
| 120, 135 ‘
1 Shoulder Height <.boo <.100 <.400 <.100

(A = 90°%)

Taper Length <.4koo <.100 <.400 N/A

(A > 909)

Radius <.250 <.125 <$.125 <.125

i/h 21.0 21.0 21.0 21.0)

239
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FACE AND FORM DIAMETER OR RADIUS

A diameter or fillet radius is formed by
the shape of the cutting tool. The in-
cluded angle may vary from 90° to 135°,
with a maximum taper length of .40O,
depending on the type of lathe control and
whether a rough or finish cut is made.

B i

Tapered diameters are generated on NC or
tracer controlled lathes except for rough
cuts where standard cutter tools can be
used. There may be one or more cuts re-~
quired depending on the amount of stock

removed in each cutting pass.
ters of the cut are specified below:

The parame-

- - -

-l

Manual, Automatic, | Numerical Control,
Type of Machine | Semiautomatic Tracer Lathe
e of Cut rough finish rough finish
Included Angle 90-135 90-135 90, 105, 90
120, 135
iameter length <.400 <.100 <.400 <.100
(A = 90%)
Taper length <400 <.100 <.400 N/A
A > 90%)
adius <.250 <,125 <.125 <,125
{e/n < 540 <1.0 <1.0 <1.4

T R —
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4 TURN AND FACE
i BORE AND FACE

§ A shoulder is cut that cannot be formed by

: the shape of the cutting tool. The cut is
made by cutting in two directions. There
can be one or multiple cuts in either

'. direction depending on the amount of stock
removed in each cutting pass. The parame-
ters of the cut are specified below:

4 el
h L— ‘
T SOLID : |
FACE b
STOCK (fg) t 1
i

DIAMETER
STOCK (dg)

DIAMETER
STOCK (d;)

————
FACE
STOCK (f,)

Manual, Automatic, | Numerical Control,
e of Machine | Semiautomatic Tracer Lathe

Type of Cut rough finish rough finish
N Included Angle 90 90 90 90

Shoulder Height >, 400 >,100 >, 400 >.100

Radius s.250 <,125 <.125 <.125

¢/n

(cut from solid) 21.0 21.0 21.0 21.0

ds/fs

(not from solid) 21.0 21.0 21.0 21.0
K
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FACE AND TURN
FACE AND BORE

A shoulder is cut that cannot be formed by
the shape of the cutting tool.
must be made by cutting in two directions.

There can be one or multiple cuts in either
direction depending on the amount of stock

removed in each cutting pass.
ters of the cut are specified below:

The cut

The parame-

¥
i ”7/1; gy

TOCK (tg )
-s— DIAMETER
STOCK (d)

il
I’/

Manual, Automatic, Numerical Control,

Type of Machine | Semiautomatic Tracer Lathe
Type of Cut rough finish rough finish
Included Angle 90 90 90 90
iameter Length >, 400 >.100 >.400 >,100
adius <.250 <,125 <.125 <.125
t/h

from solid) <1l.0 <1.0 <1.0 <1.0
ds/fs

(not from solid)| <1.0 <1,0 <1,0 <1.0

2u2
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TURN AND CLEAR SHOULDER
BORE AND CLEAR SHOULDER OR END OF BORE

A diameter is cut with the requirement to
feed the cutting tool up to, but clearing,
the surface of a shoulder. Outside diame-
ters will be cut with a turning tool, and
inside diameters with a boring tool.

There may be one or multiple cuts required
depending on the amount of stock removed
in each cutting pass.

FACE AND CLEAR DIAMETER

A face is cut with the requirement to feed
the cutting tool into, but clearing, the
adjacent diameter or tapered surface. The
face cut can be internal or external to
the part, can be a "back" face, groove face
or any exposed face. There may be one or
multiple cuts required depending on the
amount of stock removed in each cutting

pass.

TURN OPEN DIAMETER
BORE OPEN DIAMETER

An open diameter is cut permitting a thru

cutting operation. Outside diameters are

cut with a turning tool and inside diame-

ters with a boring tool. There may be one
or multiple cuts required depending on the
amount of stock removed in each cutting

pass.

" " ’
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i FACE OPEN

|
; An open face or end of a part is cut per- j_ZZB‘
| mitting a thru cutting operation. The X st

face cut can be internal or external to
the part. There may be one or more ‘
multiple cuts required depending on the

amount of stock removed in each cutting Wm ‘

pass.

T

g CUTOFF
.S
b ' Y
i iy The workpiece is separated from the bar ‘
A stock. The cut applies only to bar » "III‘ M

machines and only one cut is made.

ol
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GENERATE CONTOUR

‘ At least one tapered surface is cut or a

I fillet radius greater than .125 is

| generated. A numerical controlled lathe

* or a lathe with tracer control must be

¢ used to make the cut. The cut is not made

f on a manual, automatic or semiautomatic
lathe. There can be multiple cuts depend-

r ing on the amount of stock removed. The

’ parameters of the cut are specified below:

_t_ F"""* e
."r ~
|
_}_ el '
s |
fwen

| Manual, Automatic, | Numerical Control,
' Type of Machine | Semiautomatic Tracer Lathe
Type of Cut N/A N/A | rough finish
Width of Cut
(w > d) N/A N/A >,300 >,100
Depth of Cut '
(a4 >w) N/A N/A >.300 >.100
Radius
(no_tapers) N/A N/A >.125 >.125

2L5
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FORM TAPERED CONTOUR

A contour consisting of a taper and located
at a corner is formed by the shape of the

In general, a specific tool
will be required to form the contour. The
contour can be external or internal to the

The parameters of the cut are speci-

fied below:

g7 ke
il
o] W

Manual, Automatic, | Numerical Control,
Type of Machine | Semiautomatic Tracer Lathe
Type of Cut rough finish rough finish
idth of Cut
(w > d) < 1.0 <.500 <.300 <.100
Depth of Cut
(d 2 w) < 1.0 <,500 <.300 <,100
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FORM GROOVE

A groove or relief is formed by the shape
of the cutting tool. The groove can be cut
into any surface external or internal to
the part. In general, grooves are always
formed if they are within a specified width.
Larger grooves are formed by several plunge
cuts depending on the site of the groove's
radii. When using numerical control or
tracer lathes, the preference is to plunge
and turn larger size grooves or grooves
whose radii can be generated. The parame-
ters of the cut are specified below:

SUET

T

Manual, Automatic,

Type of Machine Semiautomatic

Numerical Control,
Tracer Lathe

Type of Cut rough finish rough finish
Condition A

(surfaces 23) w<l.0 w < .500 w < .500 w <.300
Condition B 1.0<w<l,5| .500<cw<1,50] .500<w<1.0( .300<w < ,500

(surfaces = 3) hy > Ty hy > ry ryorrp < .200 hy > s
Condition C .300< w 5 .500
surfaces = 3) Il or o< ,050
Condition D S500<w<=<1.0
((surfaces = 3) Ty <,050
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PLUNGE AND CUT GROOVE

A groove or recess is generated by a
combination of plunge and turning or

The groove can be cut into
any surface external or internal to the

In general, larger size grooves are
not formed by a single direction plunge nor
will grooves with large radii.

boring cuts.

part.

Numerical

control or tracer lathes must be used to

cut grooves with tapered surfaces.

There

may be multiple cuts depending on the

amount of stock removed.

of the cut are specified below:

The parameters i

ARAT

N
+ Nl

el

Manual, Automatic, Numerical Control,

Type of Machine Semiautomatic Tracer Lathe
Type of Cut rough finish rough finish
Condition A w>1:5 w>1.5 w>1,0 w>1.0

no tapers | no tapers
Condition B 1.0<w<1.5 |.500<w s1.50[.500<w<1.0].300<ws.500
(surfaces = 3) rlorr2>hlorh_rlorr2>hlorh9 r; >.,200 :1‘>.050

no tapers | no tapers Qlorh:<x]orr3
Condition C HS0<ws1.0
(surfaces = 3) Iy O I's3>.050

13 Y
240
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FORM FIN

A particular kind of feature is formed by
the shape of a special cutting tool. The
feature can be cut into any flange external
or internal to the part.

e

FORM CHAMFER

A chamfer is formed by the shape of the
cutting tool. Chamfers are small tapers
located at the corners of a part. The
length of a formed chamfer must be .LOO or
less.

i i
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RILL BOR: L

: An internal diameter parallel to the center e e e f
; line is formed by cutting into or thru '
: . 1
‘ solid material. The parameters of the cut ////////[/ |

are:
#//————Jy—— e , ¢
il
I

Type of

Machine Cut Diamet.cr Tolerance f/\i
Condit ion A turret lathe finish 250 - 500 >,001 i)
Condit ion B | turret lathe finish > .500 > ,001 N/A
DRILL, BORE AND BORE | = t l
An internal diameter parallel to the center J_ V////[[/l“
line is formed from solid by a final opera- e B Qs GHRELL
tion (i.e., the diameter is finish cut). : R
The parameters of the cut are: T [////l[]

Type of

Machine Cut piameter | Tolerancel /d
Condition A turret lathe f"inish 250 - 500 «.001 <1.0
Condition B [ turret lathe | finish >.500 < ,001 N/A




R77-942625~-14

DRILL BORE AND REAM

An internal diameter parallel to the cen-

ter line is formed from solid by a final
operation (i.e., the diameter is finish

cut ).

The parameters of the cut are:

Type of
Machine Cut Diameter Tolerance| (/d
Condition A | turret lathe finish 250 - .500 <.001 210
Condition B [ turret lathe | finish < .250 <.001 N/A

DRILI, HOLE

A radial, longitudinal or angular hole is
Depending on the size (diameter) of

formed.

the hole and tolerance, holes may or may not

require reaming.

The following parameters

—>| dl-d-—

m

are for holes that require only a drilling
operation on a drill press:

/

!
¥

Tolerance

Condit ion A B C D )
Diameter € ey J85 =« 2850 .250 - .500 500 = 1.0 > 1.0
> 00l >2.015
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DRILL HOLE AND REAM

A radial, longitudinal or angular hole is —_-4 dl‘ﬁ_
formed. Depending on the size (diameter) [
of the hole and tolerance, holes may or may {//

not require reaming. The following parame- ’
ters are for holes that require both drilling Wm

and reaming on a drill press:

-%_ %{ ~DRILL
SREAM

7 G .

Condition A B C D E

Diameter | <.125 | .125 - .250 | .250 - .500 | .500 - 1.0 1.0

Tolerance | <.002 < .00k <.005 <.010 < (015 !
COUNTERSINK

countersink.

A tapered surface or chamfer is formed at
the opening of a bore or radial, longi- ~—I—— .
tudinal or angular hole. If the diameter S e {
of the bore is greater than 2.0, the cut ! .
is made with a chamfer tool instead of a

SR

S TER————.
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GRIND DIAMETER —~~—

An inside or outside diameter is ground.

The diameter can be open on both ends or

bounded on end by a shoulder. The require-

ment for grinding is specified by the

process decision rules. e

GRIND FACE

f

‘ f

m |

A face is ground. The face cut can be in- |
ternal or external to the part. 1t can be e e ‘
{

the side of a groove. The requirement for

grinding is specified by the process /' !
decision rules, @ i
[

GRIND END

=

The end of the part is ground. The require-
ment for grinding is specified by the

process decision rules.
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GRIND DIAMETER AND FACE

A diameter and face are ground in the same
operation. The shoulder feature can be
internal or external to the part. The re-
quirement for grinding is specified by the
process decision rules.

CRUSH GRIND

Recessed features (e.g., grooves) are
ground into an outside diameter. The
requirement for crush grinding is speci-
fied by the process decision rules.

[T

+ =<1

HONE DIAMETER

An inside diameter is honed. The re-
quirement for honing is specified by
the process decision rules.

LAP DIAMETER

A diameter, internal or external to the
part, is lapped. The requirement for
lapping is specified by the process
decision rules.
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MILL FEATURE

A feature (e.g., slots, flats, windows) is
milled. The requirement for milling i=
specified by the process decision rules.

EDM FEATURE

A feature (window or hole) is cut by an EDM
operation. The requirement for EDM is
specified by the process decision rules.

SHAPE FEATURE

A particular type of feature (flat, slot,
window, lug, tab) is cut into a diameter.
The requirement for each type of cut is

specified by the process decision rules.

TAP HOLES

A radial, longitudinal o. angular hole is
threaded.
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APPENDIX H

DEFENSE BENEFITS DATA AND CALCULATIONS

Data and calculations generated in the analysis of defense benefits from |
CPPP are reported in this appendix. The contents, in order, are:

1. The survey sent to defense industry, with a compilation of responses.
(The results of an earlier general industry survey are presented in
the Interim Report, which is incorporated by reference into the Final
Report.) |

2. The CPPP description included in the defense industry survey.

3. The discounted cash flow analyses performed to estimate CPPP benefits
to defense industry. Six analyses were conducted, treating the demon-~
stration and enhanced CPPP capabilities for three model defense
suppliers. For each case, three tables are given: inputs, results,
and sensitivity analyses.

§ k. The analyses of CPPP impact on defense procurement costs. Six analyses

j are shown, projecting benefits of the demonstration and enhanced CPPP
systems on Army missile procurement, overall Army procurement, and
Department of Defense procurement.
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H' A HT Research sttt
| [ U 10 West 35 Suert Chicago. Hhnots 60616
\ | 312/567-4000

Gentlemen:

The U. S. Army Missile Research and Development Command, under
its Manufacturing Methods and Technology Program is sponsoring the
development of a ~omputerized production process planning (CPPP)
system. The system will perform process planning of machined, cylin-
drical, metal parts. United Technologies Research Center, East
Hartford, Connecticut, is the contractor for this development. A
brief description of the CPPP system accompanies this letter.

One objective of the program is to project benefits of the sys-
tem to industries producing Army missile components or other defense
items. The IIT Research Institute (IITRI), Chicago, I1linois, ias
subcontracted for the majority of this task. In the attached data
request, we are soliciting an estimate of the cost reduction poten-
tial of the CPPP system. Should you choose to respond, your estimate
will be consolidated with those of other respondees and used in the
benefit projection.

Your cooperation in the evaluation of this new technology would
be very helpful and sincerely appreciated.

Cordially,

o

hn D. Meyer, Group Leader
ndustrial and Manufacturing
Engineering

JDM/mmo
Encs.
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DATA REQUEST

The purpose of this data request is to collect some general information
concerning your company and products, your current process planning procedures
and your estimate of the impact the prototype process planning system would
have on your manufacturing operation. All data will be considered proprietary
and will be summarized or consolidated so that specific sources cannot be iden-

tified.

Please take a few minutes to read each question carefully before answer-

ing it. TIf the information we request is not readily available or you are
unable to obtain it, please give us the best estimate you can.

In order to complete our study within the allotted time, we request that

you complete this form and return it by April 15, 1977.

If you have any questions or need additional iaformation, please feel free

to call (collect) Mr. John Meyer at 312/567-4609.

1. Does your plant produce products which are used in any of the following?
No

No

U.S. Army Missiles and Rockets

Other Dept. of Defense Equipment

Yes
Yes
Other U.S. Army Equipment
Yes No

- e E s w e e e @ = e ®m wm wm w Em e = - -
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|

| 2. What is the approximate dollar value of all machined, cylindrical, metal

E‘ parts manufactured in your plant annually? (By cylindrical parts, we mean

' those which are symmetrical about an axis of rotation and the primary
manufacturing operations are turning, boring, etc.)

- e wm wm e wm Em Em w wm wm e wm = =

NUMBER OF RESPONSES = 10 '
AVERAGE = $5,193K §
STANDARD DEVIATION = $9,669K I
RANGE = $4K to $30,000K BE

g Approximately how much does your plant spend annually for preparing or
modifying process plans for machined, cylindrical, metal parts? (This
should also include process planning costs for make/buy studies, cost
estimates, etc., if appropriate.)

Uy

- e e e e e e w e e = e = =

NUMBER OF RESPONSES = 10
AVERAGE = $168K

STANDARD DEVIATION = $139K
RANGE = $9K to $371K

4. Is your plant currently using any form of computer assisted process
planning for machined, cylindrical metal parts?

Yes No
Gl [

5 Is your plant currently using any form of computer assisted process
planning for other parts or assemblies?

Yes No
G O
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VELOPED BY UNITED TECHNOLOGIES RESEARCH CENTER BEFORE ANSWERING THE FOLLOWING

{
PLEASE READ THE ENCLOSED DESCRIPTION OF THE PROCESS PLANNING SYSTEM BEING DE- 4
|
QUESTIONS. '

6. Assuming such a system was operational in your plant, what would be the
approximate percentage change in the overall cost of manufacturing a typ-
ical machined, cylindrical, metal part over one planned manually?
(Changes in process planning costs, including recurring computer charges,
and the costs of tooling, direct labor, material, scrap and rework, and |
overhead, should be considered. Please exclude the costs of installing }
and maintaining the system in your estimate.) §

Plus or Minus (circle one) %

- e - we e e e e o e e e

NUMBER OF RESPONSES = 13
AVERAGE = -9.4%

STANDARD DEVIATION = 8.6%
RANGE = -25% to +10%

1 What would be the percentage change in process planning costs for machined,
cylindrical, metal parts if such a system were used instead of manual

process planning?

Plus or Minus (circle one) %

- a W Ak e e s e e e

NUMBER OF RESPONSES = 13
AVERAGE = -37.5%

STANDARD DEVIATION = 18.7%
RANGE = -60% to +25%
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8. Assuming that reliable software, good user documentation, and a training
source were available, and that the system was given to you free of
charge, what do you feel would be a realistic cost and time for your com-
pany to install such a system? (This should include establishing initial
data files, training of personnel, testing the system, etc. It should
exclude costs of computer hardware.)

Months
NUMBER OF RESPONSES = 11
AVERAGES = $162K» 10.4 Months
STANDARD DEVIATIONS = $204K» 4.4 Months
RANGES = $10K to $300K, 4.5 to 18 Months
s I1f additional computer hardware would be required to install the system

in your plant, please estimate its cost.

NUMBER OF RESPONSES = 12
AVERAGE = $116K

STANDARD DEVIATION = $151K
RANGE = $0 to $500K

10. What would be the approximate annual costs for maintaining such a system?
(This should include costs for program maintenance and updating of data
files.)

D e P

NUMBER OF RESPONSES = 12
AVERAGE = $50.2K

STANDARD DEVIATION = $41.2K
RANGE = $8K to $120K

3
262

-4
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11. Considering the answers you gave to questions 8, 9, and 10, what percen-
tage (by dollar value) of the machined, cylindrical, metal parts you ;
manufacture in-house would benefit from the system each year, starting ‘
from the time you made the decision to install the system? |

YEAR 1365678910
PARTS IMPACTED (X) 1L

T e e mm e e e e e s e e e En e e e e e eR e R Ve e e e e e G o e e e e e e -

YEAR = TORSE TG TS SR WOt TR AN SRR, N
MINIMUM (%) 0.1 0.5 3 § 49 .3 o 14 3 0
MAXIMUM (%) 40 80 100 100 100 100 100 100 100 100
AVERAGE (%) 13 34 52 64 70 72 15 76 718 719 |

. e e em e e - e e e e ar e e e e e e e e e e e e e e e e e e e e e e e

12. Please place a check-mark in front of those items which you feel would be
mgjor advantages of this computer aided process planning system.

9 Reduced Manufacturing Costs _3 Increased Product Standardization

10 Reduced Production Leadtime _5 Reduced Critical Labor Skills '
_6 Increased Machine Utilization 1 Improved Raw Material Standardization

_3 Improved Product Quality _3 Improved Producibility of Parts

6 Increased Direct Labor Utilization _2 Better Plant Layout

12 More Uniform Process Plans _3 Better Material Handling

_7 Improved Cost Estimating Procedures _8 Improved Production Scheduling

_3 Better Make/Buy Decisions _6 Improved Capacity Planning

_1 Others (Please Specify) Better
Tool Usage

* Number of responses

13. Please place a check-mark in front of those items which you feel would be
major obstacles or disadvantages to implementing the system.

Economic Justification _T7 Getting the System Debugged and

Management Commitment UpsERi

"
Training of Personnel Insuring Quality of Input Data

Maintenance of the Data Bases

Lack of Qualified Computer Analysts

Reliability
User Acceptance of the System s i el s y

lo |~ lw w

Interfacing with Existing Systems GCRETe. (Fituee Speciiys

‘B ‘*l |Ul lN |D-' ‘4 IB *

" Establishing Initial Data Bases for
f Machines, Tooling and Process Decision
Rules

}1‘-‘ 3 * Number of responses
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14. Other Comments?

(1) Would not implement system unless all machined and fabricated parts

were included.

; 15. Name

l Title

Organization

Address

Phone

Thank you for your cooperation. It is sincerely appreciated. Please return

this form in the attached, self-addressed envelope to:

! Mr. John D. Meyer

Management & Computer Sciences Division
IIT Research Institute

10 West 35th Street

Chicago, Illinois 60616

20k
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COMPUTERIZED PRODUCTION PROCESS PLANNING (CPPP)

CPPP provides a computer capability for process planning of machined,
cylindrical, metal parts. The equivalent of a fully detailed blueprint i{s fnput ?
to the system. The process plan documentation output by CPPP consists of a sum-
mary of operations and an operation sheet for each operation. The operation sheet
contains a dimensioned sketch and shows cuts to be made, tools, feeds, speeds, and
other data.

The system generates the sequence of metalcutting and non-metalcutting operations
required to manufacture a part, It selects machine tools and determines the types
of cuts to be made in an operation. Planning data such as tools, feeds, and speeds
can be determined in some situations, but these will usually be added by the process
planner in this initial version of the system. 1t may also be necessary to modify

CPPP-calculated dimensions in certain cases.
Data Base

CPPP uses a large manufacturing data base. Files containing part and raw
material specifications, machine tool data, cutting tool data, and machinability
data are required. The data base also holds process rules which determine sequences
of operations and can be applied to select types of cutting tools for specific cut-
ting situations., These rules are formulated in an English-1ike process planning
language developed for CPPP (Figure 1). Because manufacturing rules are included in
the data base rather than in CPPP programming, the system is independent of local
manutfacturing practice. Each workshop can place its own manufacturing rationale in
its data base.

Alternative Modes of Operation

A process planner operates CPPP from a graphic computer terminal. Three modes
of operation are available: automatic, semi-automatic, and interactive. In the
automatic mode, CPPP uses stored process rules to generate a process plan without
human supervision. Process rules are also used in semi-automatic operation, but the
process planner may review and modify CPPP decisions as they are made. (Figure 2
shows the terminal display at one review/modiffcation point.) In the interactive
mode, the sequence of operations 1is specified by the process plammer in a dialog
with CPPP. The system is then used to produce detafled operation plans. 1In both
the semi-automatic and Interactive modes, the process planner can choose varying
levels of overseeing CPPP by specifying which decisfons he wishes to review and
which he will accept. He can also use these modes to enter new data (e.g., tools,

machines, feeds, speeds) into the system,
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CPPP Processing

Figure 3 gives an overview of CPPP process planning. The process planner
initiates a CPPP session by specifying part number, lot size, mode of operation,
and other data. CPPP retrieves from the data base the part design, workpiece
description and, if desired, process rules for the part's family,

The first CPPP planning step is generation of a sequence of operations. This
is done using process rules or through interaction between the system and the process
planner. Operations are defined in turn by specifying operation type, the type of
machine tool to be used, and the part surfaces to be affected. Non-metalcutting
operations (plating, heat treatment, deburring, inspection, ctc.) may be generated
as well as metalcutting ones.

Once the sequence of operations is complete, each operation is planned in
detail. The procedure below is used for metalcutting operations, Decision-making

is based on economic analysis of cost and/or production rate,

1. Identify candidate machine tools.

2. Select candidate cut sequences for each machine.

3. ldentify candidate cutter tools for each cut in each sequence.

4. Determine cut parameters (feed, speed, time, tool life, etc.) for each
cut and tool. These determinations are made using machining recommenda-
tions rather than by optimizing mathematical models,

5. Choose the best tools for each cut sequence.

6. Choose the best sequence for each machine.

7. Choose the best machine.

No economic analysis is performed for non-metalcutting operations,

After all operations have been planned in detail, dimensions and tolerances
are calculated backward from the last operation to the first. For each operation,
tolerances are determined, stock removal calculated, and workpiece dimensions pre-

vious to the operation are established.

The completed process plan can be reviewed and modified at the terminal. A
summary of operations and detailed operation sheets can be requested.

Areas of Possible Savings

CPPP has, or may have, cost reduction potential in the following areas:

1. Process planning labor and lead time,
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.g 2. Reduced tooling inventory due to standardized tool selection
3. Benefits resulting from the use of standardized rules to generate
;§§ saquences of operations
: 4. Reduction in machining costs due to the economic analysis of alternative

cutting tools, cut sequences, and machine tools,
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DRAW MATERIAL AT MCO100 (BENCH) §
ORIENT PART FOR LONGEST OD SETUP §
TURN OUTSIDE SURFACE ON MC3500 (AUTOMATIC BAR MACHINE) IN NORMAL 1F
SURFACE IS AN END (OR)
FEATURE 1S A SEMIOPEN DIAMETER, |
FEATURE 1S EXPOSED (OR)
FEATURE 1S AN OPEN DIAMETER,
FEATURE 1S EXPOSED (AND)
PROVIDING THE FOLLOWING CONDITIONS ARE SATISFIED: 1 \
RESULTING DIAMETER SEPARATION (0.040),

RESULTING LONGEST DIAMETER (0.025)

HEAT TREAT IN MC1300 (FURNACE), MT2700 (FURNACE 2700) TO SPECIFIED HARDNES

$

S PER

PMP510

$

GRIND THE LONGEST OD ON MC2500 (CENTERLESS GRINDER)
DRILL THE THRU BORE WITH MC3100 (GUN DRILL) IF
DIAMETER IS .LE 0.787 §
DRILL THE THRU BORE WITH MC3200 (EJECTOR DRILL) IF
DIAMETER 1S .GT 0.787 §
TURN OUTSIDE SURFACE ON MC3600 (AUTOMATIC CHUCKER) OR MC9300 (NC LATHE) IN
REVERSE IF
SURFACE 1S A FREE END (OR)
FEATURE 1S A SEMIOPEN DIAMETER,
FEATURE 1S NOT CUT,
FEATURE 1S EXPOSED (OR)
FEATURE 1S AN OPEN DIAMETER,
FEATURE 1S NOT CJUT,
FEATURE IS EXPOSED (OR)
FEATURE 1S A RELIEF (OR)
SURFACE IS LARGEST OD BACKFACE,
SURFACE 1S NOT A RELIEF FACE,
LATERAL TOLERANCE IS .GE .005 §
TURN INSIDE SURFACE IF
FEATURE 1S A COUNTERBORE,
FEATURE 1S EXPOSED,
FEATURE IS NOT A SHARP EDGE FEATURE (OR)
FEATURE IS A RELIEF (OR)
FEATURE IS A GROOVE,
FEATURE 1S EXPOSED
FEATURE 1S A COUNTERBORE
FEATURE LOCATION 1S .LE O.5*PART LENGTH §
HAND REAM THE THRU BORE ON MC5300 (BENCH LAP) IF
DIAMETER 1S .LT 0.375 §
HONE THE THRU BORE WITH MC2830 (AUTOMATIC HONE) IN NORMAL $§

!
$ i

Process rules for generating sequence of operations. These rules are

compiled by the CPPP language processor. The compiled form of the rules

is stored in the data base and used in process planning.
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J UTRC CPPP SYSTEM. ACCEPT/MODIFY GENERATED OPERATION.

, OP 0030  DESCRIPTION: TURN
MACH. CLASS 1: 0300 LATHE
MACH. CLASS 2: (NONE)

EDHFCDG FDEDF
00000000000000
00000000011111
12345678901234
XXXXXXX

TYPE C/R TO ACCEPT OPERATION OR TYPE AN OPTION AND THE REQUIRED DATA:
1 NEW DESCRIPTION 2 MACHINE CLASS NUMBER (1 OR 2), CODE, NAME
3 MACHINE TOOL CODE, NAME 4 LIST OF ADDED CUTS 5 LIST OF DELETED
CUTS 6 (CHANGES SETUP) 7 (DELETES OPERATION) 8 (SHOWS MACHINE
DATA) 9 (TERMINATES PLANNING)

Figure 2. Terminal display at one of the optional points offered
for review/modification of CPPP decisions.
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337.
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2947.
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90. 1986. 337. 1123. 279. 90. 270.
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19
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360. 1680. 64. 3.

1680,
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1213.

30.

63. 260.

TOTALS

6.49

3.1

RETURN ON INVESTMENT = 136.3

BENEF IT-TO-COST RATIO =
YEARS TO PAYBACK -

FOR 102 ANNUAL DISCOUNT FACTOR AFTERTAXES AND DEPRECIATION....

6.38
3.1

BENEF IT-TO-COST RATIO =
YEARS TO PAYBACK =

RETURN ON

FOR 107 ANNUAL DISCOUNT FACTOR BEFORETAXES AND DEPRECIATION....

INVESTMENT = 143.1

——

CASH FLOW ANALYSIS -- IMPACT OF ADVANCED CPPP

ON LARGE COMPANY WITH HIGH PART SIMILARITY
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K =

FOR 107 ANNUAL DISCOUNT FACTOR AFTERTAXES AND DEPRECIATION. ...
RETURN OY INVESTMENT =

BENEF IT-T)-COST RATIO =

YEARS TO PAYBAS

TOR BEFORETAXES AND DEPRECIATION. ...
27

RETURN ON INVESTMERT -

BENEF IT-TO-COST RATIO =

YEARS TO PAYBACK =
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