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Abstract This paper proposes a hybrid approach to de-
velop a rough-cut process planning for quality. The
approach aims to determine key process alternatives
with an adequate process capability by systematic
quality planning and assessment methods during the
initial planning stage of the product development cycle.
It consists of four steps: (1) identification of quality
characteristics (2) planning of the process quality by
combining quality function deployment (QFD) with the
process failure mode and effect analysis (FMEA) (3) a
selection of process alternatives, and (4) an assessment
of process quality through a quality measure index,
called the composite process capability (CCP). The
process alternatives with an adequate CCP selected
during the early design stage can then be not only used
as the guidelines for detailed process planning but also
as feedback for the product design and other functions
for design evaluation and improvement. This approach
is helpful to reduce or even eliminate the iterations of
modification of process plans. A prototype system called
the rough-cut process planning for quality (RPPFQ) has
been developed for validation. A case study concerned
with a satellite frame part is presented to illustrate the
approach and prototype system in this paper.
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1 Introduction

The fundamental task of product development is to
design and validate the product and its production
processes. Around 80% of the product quality is deter-
mined in the early stage of the product development
cycle [1]. It is necessary to consider quality and
improvement during the product development process
by incorporating the principles, tools and methods at
every stage of product development [2, 3, 4]. In the
process planning stage of product development, there-
fore, determining the appropriate process alternatives of
an adequate process capability is crucial to assure
product quality [2]. The purpose of process planning is
to select and define the processes that have to be per-
formed in order to convert the raw materials into final
products [5]. Cost and throughput are secondary
objectives, and available resources act as constraints [6].
The task of process planning generally includes [5, 6, 7,
8, 9

i. The identification of design requirements
ii. The design or selection of stock
iii. The selection of machining processes/methods
iv. The selection of machine tools
v. The planning of the fixturing method and the
selection of fixtures
vi. The selection of cutting tools
vii. The sequencing of operations
viii. The determination of operational dimensions and
tolerances
ix. The selection of cutting conditions
x. The determination of tool paths
xi. The generation of CNC programs
xii. The calculation of time and cost
xiii. The documentation of process plans

Process planning is an incremental activity according
to the availability and completeness of design informa-
tion [9, 10, 11]. It can be broadly divided into two levels:
rough-cut (or called preliminary) and detailed process
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planning. Rough-cut process planning generally refers to
tasks (i)-(vi) mentioned above, while detailed process
planning refers to the rest, i.e., tasks (vii)-(xiii) [5, 6, §].
Rough-cut process planning allows for balancing the
product characteristics and the process capabilities so
that a broad technology spectrum can be taken into
consideration that serves for the generation of various
manufacturing alternatives in the early phases of prod-
uct design [6, 11]. It mainly performs the primary
objective (quality) of process planning, and it does not
need the full product model information. Rough-cut
process planning, therefore, can be easily integrated with
the product design tasks [10, 11]. On the contrary, de-
tailed process planning mainly performs secondary
objectives (cost and throughput/time) so that the de-
tailed process plans, including specific operation se-
quences, cutting steps and tool paths, cutting
parameters, etc., can be determined and further opti-
mised based on the given cost and time targets [5, 6].
Since it requires the full and detailed product model
information, detailed process planning has to be per-
formed after finishing the product design.

Many computer-aided process-planning (CAPP) sys-
tems have been developed in recent decades. Most of
them, however, are mainly limited to detailed process
planning which semi-automatically or interactively gen-
erates detailed process plans after obtaining full product
model information which is often represented by a fea-
ture-based model [13, 14, 15, 16, 17]. Only a few efforts
focus on the rough-cut process planning that has sig-
nificant impacts on manufacturing quality, cost and
lead-time [9, 10, 11, 12, 18]. Maropolous et al. presented
a new, time-based process planning architecture that
consists of three levels corresponding to aggregate,
management and detailed planning [10]. An aggregate
process planning tool-kit, which is aimed to give the
designer a way of visualising the likely production con-
sequences of design decisions, has been developed. Such
aggregate process planning enables the identification of
production technology requirements, the selection of
processes and equipment, the generation of a production
route, the evaluation of a factory configuration, and the
rapid evaluation of what-if scenarios concerning product
configuration and processing options, but it is not re-
lated to quality [10]. Chu et al. proposed a prototype-
based incremental process planning methodology [9]. A
process plan prototype is defined as an abstract repre-
sentation of a normal detailed process plan, and it is
determined only by a few crucial surfaces of a product.
Feng and Zhang developed a conceptual process-plan-
ning prototype for the preliminary manufacturability
assessment of conceptual design in the early product
design stage [12]. It aims at determining manufacturing
processes, selecting resources and equipment and
roughly estimating the manufacturing cost. Mukherjee
and Liu presented a preliminary process planning ap-
proach to determine the manufacturing operations in-
volved in creating the product geometry [18]. Based on
the sketching abstractions representing the functionally

crucial geometry, a preliminary list of processes for
die operations can be created through a heuristic
procedure.

Although the abovementioned efforts involved in
rough-cut process planning are made to improve inte-
grated/concurrent product development, in which
manufacturing cost, machining time and resource util-
isation are usually used as optimisation or assessment
indices for process planning, very few quality concerns
are incorporated into process planning and manage-
ment [7, 19]. However, in order to prevent the costly
redesigns and engineering changes due to quality
problems in the subsequent product development and
manufacturing stages, there is a need to determine key
process alternatives with an adequate process capability
during rough-cut process planning, and to validate
these alternatives before generating the detailed process
plans.

This paper proposes an effective hybrid approach
for rough-cut process planning for quality (RPPFQ),
which aims to identify the qualified key process alter-
natives at the early product development stage. As
shown in Fig. 1, linking with CAD and CAPP,
RPPFQ, supported by quality methods and tools as
well as process quality knowledge, is responsible for
selecting key process alternatives with an adequate
process capability (the primary control criterion). Next,
such key process alternatives serve as guidelines for
the CAPP to generate the detailed process plans for
production. RPPFQ also gives feedback about some
important information such as process capability, cost,
tradeoffs and redesign suggestions to the product
designer at the early design stage. RPPFQ can thus be
considered as a design for quality tool for product
development.

This paper is organised as follows. The following
section presents the methodology of RPPFQ. The pro-
totype of RPPFQ is then described. A case study of the
application of the proposed methodology of a thin-
walled frame part is presented, and then finally, the last
section presents the concluding remarks and directions
for further work.

2 The methodology of RPPFQ

RPPFQ is a methodology to determine the process
alternatives meeting quality requirements before know-
ing the details of new products. We propose a four-step
process, as shown in Fig. 2, to guide the planning team
through the process alternative selection procedures.
RPPFQ is a systematic and structured planning process,
in which each step is supported by appropriate methods
and tools. The four steps are:

— The identification of quality characteristics;
— The planning of process quality;

— The selection of process alternatives;

— The assessment of process quality.



Fig. 1 The role of RPPFQ
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2.1 The identification of quality characteristics

The task of this step is to identify product quality
characteristics, especially the key quality characteristics,
and to determine their weights (the relative importance)
through analysing product information. Quality char-
acteristics are the quality requirements indicated in the
product engineering drawing. They are generally classi-
fied into four categories:

— geometric characteristics (such as dimension and
tolerance), mechanical characteristics (such as
hardness and strength), physical characteristics
(such as weight) and

— chemical characteristics (such as the chemical
ingredients of the component material).

As for machining, it mainly focuses on assuring the
geometric characteristics, covering the size, the dimen-
sion tolerance, the geometric tolerance and roughness,
etc. According to their importance to the product, the
quality characteristics are generally classified into four
classes: the key characteristics, the very important
characteristics, the important characteristics and the
ordinary characteristics. The relative importance of
multiple quality characteristics in a product/component
can be calculated according to their importance classes
described as mentioned above. It is notable that rough-
cut process planning always focuses on key, very
important and important characteristics. A product/
component generally owns multiple quality characteris-
tics. In order to facilitate the identification of quality

1 1

Process Process Manufacuring
Database Knowledge Resource
Base Base

characteristics, the following three approaches are
adopted.

2.1.1 Inheritation

For a specific component, the common quality char-
acteristics are inherited from the similar component
family. Such characteristics are the connotative
requirements of quality assurance. For instances, the
axiality and surface hardness of two shaft necks are the
common characteristics of shafts. Hence, a specific shaft
can inherit the above characteristics from the shaft
family. In the same way, the thickness of the key wall
and the geometric tolerance of the jointing hole of the
frame family can be inherited by a specific frame, such as
the window frame of a spaceship. Components generally
are classified into a number of families such as shaft,
box, beam, disk, frame and so on. For each family,
based on the common properties and functional
requirements of all the components, common quality
characteristics can be extracted and stored into the
database. Therefore, for the process planning of a new
component, its common quality characteristics can be
inherited from the similar component family.

2.1.2 Automatic identification

Apart from common quality characteristics, each
component may have some specific or particular char-
acteristics. Such quality characteristics are required
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Fig. 2 The process of RPPFQ
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to be identified automatically by an identification tool,
which is a set of subroutines that is able to identify
characteristics based on the product model informa-
tion and certain benchmarks. For example, if the
precision grade of a hole diameter is equal to or less
than the seventh level (IT 7), which is regarded as the
hole benchmark, then the diameter can be identified
and regarded as a key quality characteristic. The
precision grade can be calculated by comparing the
tolerance and the size of diameter. Such approach is
essential to find the key and very important quality
characteristics.

2.1.3 Interactive identification

As an supplement to the abovementioned two ap-
proaches, interactive identification identifies the quality
characteristics through negotiation or discussion among
members of the process quality team, which consists of
product designers, process planners quality engineers
and workshop people. Using the three approaches
mentioned above, the quality requirements of a product/
component could be converted into a set of quality
characteristics.
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2.2 The planning of process quality

The task of this step is to translate quality characteristics
into process elements and their target levels. Figure 3
illustrates how the hybrid quality planning approach
plans the process quality by using the quality function
deployment (QFD) together with the process failure
mode and effect analysis (FMEA).

As shown in Fig. 3, during the process planning for
quality, a process quality team, which consists of de-
signer, process planner, quality engineer and workshop
people, should be organised. In the off-line process
planning for quality, based on the team’s experience
and knowledge, the QFD addresses additive and po-
sitive quality with a planning perspective, and estab-
lishes the house of quality (HOQ), and translates the
quality characteristics into a set of process elements
and their target levels [20]. A process element is a facet that
significantly influences quality characteristics. Process
elements generally cover the machining method, the
machine tool, the assembly tool, the fixturing scheme, the
tool path mode, the cutting condition, the workpiece
structure, etc. The capability of each process element
is measured by one or more quality measures or indica-
tors. For examples, “precision level”” for the machining
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Fig. 3 An illustration for process planning for quality with a hybrid
approach of a combined QFD with a process FMEA

method, and “deformation” and ‘“‘locating error” for the
fixturing scheme are quality measures of process elements.
Such indicators should be selected in accordance with the
features of the component and its manufacturing pro-
cesses. For examples, for a thin-walled component,
“deformation” is suitable to be used as the indicator of the
fixturing mode rather than the “locating error”. The
indicator value or score of a process element is the process
quality level designed or planned during process planning.
In order to achieve the process quality level, it is necessary
to further select or design appropriate process alterna-
tives. For instance, the finishing turning may be selected as
the machining method if the required process quality level
is the 7th grade of precision; and the finial fixturing
scheme should be selected for the fixturing mode if the
locating error is not allowed to be more than 0.02 mm.

On the other hand, an augmented process FMEA as
a process quality tool can be incorporated into the QFD.
The process FMEA, which is more of a production-
oriented problem solving technique focusing on process
quality [20], accounts for incorporating the process
failure knowledge involved in the similar or the histori-
cal component to the QFD for process planning. As
shown in Fig. 3, most quality characteristics in the
process FMEA should be included in the QFD. The
correction directions in the FMEA are useful for
determining appropriate process elements, while the
RPN values are applicable in determining relationships
between the quality characteristics and the process ele-
ments in HOQ.

Therefore, with the teamwork of the process quality
team as an enabler, the QFD and the process FMEA can
be combined as a hybrid approach to effectively plan the
process quality. QFD acts as the guardian to the voice of
the designer (the internal customer of process planning)
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from the perspective of positive quality, while the pro-
cess FMEA acts as the guardian to the voice of engineers
(the quality engineer and the workshop people, etc.)
from the perspective of negative quality. Combining
these two quality tools could facilitate tackling the issues
of the planning of process quality.

2.3 The selection of process alternatives

After the planning for quality, the task of this step is to
select the appropriate process alternatives for each
process element, based on the requirement levels deter-
mined in the previous step and the product model
information, as well as the manufacturing resource
information of the factory. The selection of process
alternatives, which is also called the decision-making of
the process element, is the most flexible and crucial task
of process planning [21].

Figure 4a describes in general the decision-making
model of a process element. Besides the process knowl-
edge, it can also be expressed as:

Y=7(X) (1)

where fis the decision-making operator. X is an input
parameter vector and X =[x1,x2,...,xm]T’ while Y is
a output parameter vector and Y=[yp;ys...v,]"
xi(i=1,2,...,m) and y(j=1,2,...,n) may be a quantitative
or qualitative parameter. Figure 4b is an example of the
decision-model for selecting the fixturing scheme. The
decision-making operator f performs the logic of
selecting process alternatives. For knowledge-based
process planning, fcan be implemented by a rule-based
inference engine, an artificial neuro-network (ANN)
model, and a human expert.

Rule-based inference is the most widely used ap-
proach to the decision-making of process alternatives
because it is especially convenient in representing pro-
cedural knowledge [5]. In a rule-based decision-making
system or module, the input vector X of the general
decision-making model becomes a variable list of the
rule antecedents, while the output vector Y is the rule
consequence. For example, if the process element is
“machining method”, its input parameters generally

Fig. 4 The decision-making model of the process element

include material, feature type, size, tolerance grade,
roughness, and the machining method type is the output
parameter. Hence, the decision-making logic for select-
ing a machining method can be implemented by a set of
production rule illustrated as follows:

IF (material = “STEEL”") AND
(feature type = “HOLE”) AND
(size <= 30) AND

(tolerance grade = IT8) AND
(roughness > = 3.2)

THEN (machining method type = “REAMING”)

The ANN model is another important approach in
selecting the process alternatives of process elements. In
an ANN-based decision-making system or module, the
decision-making logic is contained in a two or multiple
layer neural network, while X and Y is the neural net-
work’s input and output vectors, respectively. The ANN
model is quite suitable for data-intensive decision-mak-
ing [5, 8], which deals with a large amount of input data
during the detailed product design and detailed process
planning stage [22, 23], but may not be suitable for
rough-cut process planning.

In this paper, the rule-based inference is adopted to
automatically select process alternatives for process
elements because rough-cut process planning does not
involve data-intensive decision-making. In addition, a
human expert can also interactively select process
alternatives through a user-friendly interface. No matter
which approach is used, a rule-based inference or a
human expert, the most important issue is how to rea-
lise the adaptability or flexibility of process element
because the decision-making logic of a process element
is different from one company to another. Software
components provide promising solutions for this issue.
A software component is a unit of composition with
contractually specified interfaces and explicit context
dependencies only. It can be deployed independently
and is subject to composition by third parties [24]. So
far, there are three popular implementation specifica-
tions or standards for developing process planning
software [25]: common object request breaker architec-
ture (CORBA) maintained by the Object Management
Group (OMG), JavaBeans, presented and supported by
Sun Microsystems Corporation, and the component
object model (COM) developed by Microsoft. Because
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the degree of of maturity and the number of software
vendors of COM are higher than those of CORBA and
JavaBeans, in our research we adopted COM to develop
the software component of the process elements. It is
well-suited to tackle the problem of decision-making
flexibility so that the process alternative selection is able
to adapt to the factory-specific selection logic and the
process knowledge.

2.4 The assessment of process quality

The task of this step is to assess the process quality of the
process alternatives with the measure of the process
capability. However, we argue that the traditional pro-
cess capability index, which is defined as the ratio of
dispersion to tolerance i.e. C,= T/60, is not suitable for
assessing the process alternatives during rough-cut pro-
cess planning for quality since C, is only suitable for
assessing the individual quality characteristic in one
manufacturing step [26] and works well at the microlevel
of manufacturing systems [27]. As for the rough-cut
process planning of product development, it works at
the macro level of manufacturing systems, in which
multiple quality characteristics should be considered
simultaneously so as to assess the overall or global
process quality.

C, is only suitable for medium and large batch pro-
duction modes because it requires the outputs (quality
characteristics) of a manufacturing system following a
statistical distribution pattern (normal or non-normal)
so that their standard deviations (¢) can be determined
[26]. Owing to lack of data from numerous process
experiments at the early design stage, the standard
deviation (o) of a quality characteristic cannot easily be
obtained. The traditional C,, hence should not be simply
used to assess the process capability of process alterna-
tives selected in the rough-cut process planning.

In our research, we propose a new process quality
measure—the composite process capability (CCP) as the
approximate assessment criteria for the process quality of
the process alternatives. It can be calculated, based on the
information of the HOQ, through a three-step assessment
procedure. The procedure is described as follows:

2.4.1 a. Estimating the capability of the process element

Based on the process alternative (the result of the deci-
sion-making of process element), the capability of each
process element, referred to from now on as an element
capability, is defined as:

x; 0

0\
Ce; = <1 + x/mm) ,if x; is a larger — better index.
X —X

J J

40
X]X

( 7
Ce; = (1 - M) ,if x; is a smaller — better index.
‘ j=1,2,..,n.
(2)
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where

Ce; = the element capability index of
the jth process element (e)) ;

X; = the quality measure of the jth

. process alternative (a,);

x, x/"" and x/" = the standard or benchmark,
the lower limit and the upper
limit of the process element
measure, respectively;

Vi = the amendatory coefficient
set by the empirical machining
data, and y; >0;

n = the number of the process

element.

The capability index (Ce) of process element is centred
on 1. This is in accordance with the feature of the tradi-
tional process capability index (C,). The more the quality
index value deviates from the benchmark (x°), the more
the Ce deviates from 1. Ce < 1 indicates that the capability
of process element decreases, whereas Ce>1 indicates
that the capability of the process element increases. In this
step, it is very important to choose the benchmark or
standard process alternatives whose quality measure is x,°
(j=1,2,...n), against which all other process alternatives of
each process element can be assessed. The standard pro-
cess alternative is generally either an enterprise standard
or a straightforward process alternative with which the
team members are very familiar. It can be a successfully
available process alternative, or an earlier generation of
the manufacturing process.

2.4.2 b. Estimating the capability of the quality
characteristic

Assuming that the element capability (Ce;) affects the
quality characteristic in a linear fashion, the assurance
capability of each quality characteristic can be estimated
by the following formula:

n
Cpi=Y wi-Cei=12,.,m. (3)
=1
where
Cp; = the capability of the ith quality characteristic
(92);
wy; = the coefficient of the relationship between

the ith quality characteristic (¢;) and the jth
process element (e;), and 27:1 wii=1;

m = the number of quality characteristics;

Cp; indicates the degree for assuring the quality
characteristic (¢;) under a combined process alternative,
noted by 4=(ay,a,...a,), which has a set of quality
measures, X =(x1,X2,...,X,,).

2.4.3 c. Estimating the composite process capability
of all quality characteristics

The CCP reflects the overall degree of assuring all the
quality characteristics. There are two basic approaches
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to estimate the overall effect of multiple attributes,
namely, the additive fashion and the multiplicative
fashion. Owing to every quality characteristic possessing
the right to veto on the overall process quality according
to the trade-off strategies [28], we adopt the multiplica-
tive fashion to calculate the CCP as follows:
m
ccp =[] (cp)”

i=1

(4)

where v; is relative importance of the ith quality char-
acteristic (¢; ) and 0 < v; < 1, 37 v, = 1.

In nature, CCP reflects the overall capability level
of process alternatives compared with the standard
process alternatives. It can be easily determined that
the CCP of the standard process alternatives, whose
quality measures are X° :(xlo,xzo,...,xno), is always
equal to one. As a result, for the process alternatives
selected during rough-cut process planning, a CCP of
more than one indicates that the overall capability
level increases and the probability for assuring all
quality characteristics is higher than the standard
process alternatives. On the contrary, a CCP of less
than one indicates that the overall capability level
decreases and the probability for assuring all quality
characteristics is lower than the standard process
alternatives. Therefore, it should always be expected
that the CCP is higher than one during the rough-cut
process planning.

As shown in Fig. 2, when CCP is less than one, the
rough-cut process planning for quality has to go back to
the previous steps. The basic procedure to tackle this
issue is suggested as follows:

1. First of all, process alternatives should be reselected
in the third step until the CCP is greater than 1. The
team should look for changes or combinations that
improve the combined process alternatives.

ii. If there are still no suitable process alternatives
existing between the lower and upper limit measures
of process elements, the rough-cut process planning
will have to go back to the second step to re-plan the
process quality. For example, some new process
elements may be focused upon so that process
alternatives can be innovated and improved.

iii. If all the above procedures fail to obtain a CCP
greater than one, the product must be redesigned or
modified so as to improve its quality and manufac-
turability. In most cases, one or more quality char-
acteristics should be relaxed so that they can be
assured by appropriate process alternatives under
feasible manufacturing techniques.

commercial CAD/CAM system (Pro/Engineer), which
was responsible for designing the product.

The application layer consists of four modules cor-
responding to the four steps described in an earlier
section, namely, the identification of the quality char-
acteristics, the planning of process quality, the selection
of process alternatives and the assessment of process
quality. The module of the selection of process alterna-
tives serves as an interactive interface to start up the
decision-making logics and displays the results of each
COM-based software component [24, 25] for process
alternative decision-making in the business layer. In
addition, this layer also deploys three auxiliary modules,
namely: (1) the process quality project management that
is responsible for organising and browsing all the
product’s relevant results generated by rough-cut pro-
cess planning, including the product’s header informa-
tion, the quality characteristics, the process elements, the
process alternatives and the parameters, etc. (2) the
process element management that is responsible for
deploying and maintaining all relevant information (e.g.,
the name, the quality measures and their benchmarks,
the lower and upper limit, the decision-making param-
eters, etc.) about common process elements (3) the
process alternative output that is responsible for gener-
ating process alternatives in the form of a spreadsheet
such as a key operation sheet.

Business layer includes a set of process alternatives
decision-making modules, which is realised by the COM
component, to accomplish the selection logics of process
elements. Each decision-making module owns one par-
tial process knowledge base to select a partial process
alternative for the process element under the available
information (the product model, the manufacturing re-
sources, the technique conditions) and to return the se-
lected process alternative to the application layer
through the COM interface.

The data layer is responsible for the importing, the
storing and the maintaining, through an SQL server, all
data during the process planning process. An unified
and fully relevant information model, which links the
quality model, the product model, the process model,
and the resource model together, is established to
maintain all data for the RPPFQ involved in the
product design, the process planning, the quality
management and the resource management. Such an
information model is also useful in detailed process
planning. The data required by the application layer
and the business layer are obtained through a unified
data access interface (ODBC/OLE DB/ADO, Open
Data Base Connection/Object Linking and Embedding
Data Base/Access Data Object).

3 A prototype system

Based on the above methodologies, a prototype called
RPPFQ has been developed. Figure 5 shows the three-
layer structure model of this prototype as well as the

4 A case study

Taking a middle frame of a satellite as an example, we
can determine the key operation’s process alternatives
with the RPPFQ prototype. As illustrated in Fig. 5,



Fig. 5 A structure of RPPFQ
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Table 1 The process alternatives

for a key operation Process element Alternative Process alternative name Measure Index
no. value
Machining method MMI1 Finish turning Precision grade 61T
MM2 Semi-finished turning Precision grade 8IT
Machine tool MTI1 Vertical lathe Radical runout 0.008 mm
MT2 Horizontal lathe Radical runout 0.015 mm
Cutting tool CTl1 32x25-50 (HxW-L) turning cutter Rigidity coefficient 1.6
CT2 50%x40-50 (HxW-L) turning cutter Rigidity coefficient 1.0
Fixturing scheme  FSI Outer cylinder clamping Deformation 0.14 mm
FS2 Up spoke plane clamping Deformation 0.02 mm
FS3 Down spoke plane clamping Deformation 0.03 mm

before we perform rough-cut process planning for this
product, the designer imports and stores the preliminary
product model with limited product information (not
the final product model) into the unified database by a
data interface module, which is developed by using Pro/
Toolkit, and aggregated with Pro/Engineer. Next, the
RPPFQ system performs the procedures presented in
an earlier section. Table 1 lists the process alternatives
for each process element during the process alternative
decision making. Figure 6 presents the overview interface

RT3

of the prototype and shows a portion of the planning
results, including the total CCP, the quality characteris-
tics, the related process elements, and the process alter-
natives, about this middle frame case study.

First of all, in the first step, the identification of
quality characteristics, five quality characteristics are
identified as shown in Fig. 6. Among these characteris-
tics, q5 (““wall thickness”, “important”) is inherited from
a similar “frame” product family whose common char-
acteristics have been already defined and stored in the
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Fig. 6 An application example for a middle frame of the satellite

characteristics library. It should be noted that only the
name and the importance of a characteristic are inher-
ited from a similar product, while the value and the
scope of a characteristic needed to be determined
according to the specific product model information.
Through the identification tool, ql, q2 and g3 are
automatically identified based on the current product
model. g5 is identified interactively by process planners
because designers note that the outer cone angle is
important for this middle frame to be fitted into another
product (the down frame of the satellite structure). Then
the weight (v;) of each characteristic is calculated
according to the QFD’s general algorithm. All of these
five quality characteristics can be grouped into four key
operations. In this case study, ql and g5, i.e., the “inner
hole circularity”” and the “wall thickness”, are grouped
into a key operation in which both of them are to be
planned.

In the second step, the planning of process quality,
these two characteristics are planned by using the QFD.
Meanwhile, the process FMEA knowledge is incorpo-
rated into the QFD. According to the methodology
mentioned earlier, four process elements, the “machin-
ing method”, the ‘“fixturing scheme”, the ‘“machine

tool” and the “cutting tool” are determined and the
HOQ (including the benchmarking data, except for the
co-relationships among the process elements) can be
established, as shown in Table 1. The lower and upper
limits of each process element are set according to the
available technology and resource conditions, and the
benchmarks are set based on the available production
experience about the similar frame.

In the third step, the selection of process alternatives,
each COM-based component that is implemented by a
rule-based system or a human expert selects the process
alternatives for each process element. In this step, a user-
friendly and uniform interface is provided to show the
decision-making result, i.e., the process alternative, and
all relevant input and output decision-making parame-
ters. In this case, according to the product model, the
available manufacturing resources and the process
knowledge, the process alternatives can be selected from
Table 1.

Finally, in the fourth step, the assessment of process
quality for this key operation is performed according to
the given limited product information and criteria.
The CCP and the total process cost of each combined
process alternative are estimated, respectively. Balancing
both the CCP and the process cost, the final combined
process alternative of this key operation can be selected



as A = (MM1, MT1, FS3, CT1). Then, the total CCP of
the middle frame for all key operations covering all 5
quality characteristics, as shown in Fig. 6, is calculated
to be 1.246, which is 25% better than the standard CCP.
Therefore, with the help of the RPPFQ, the process
alternative, which has a sufficient composite process
capability, can be determined in the early design stage. It
can not only be used as the guidelines or input for the
subsequent detailed process planning but also can be
used as valuable feedback for the Pro/Engineer system
and the product designers for their design decisions.

5 Conclusions

This paper proposed an approach to carry out the pre-
liminary process planning for quality, in which the QFD
and the process FMEA are incorporated. A process
quality measure called the CCP was presented and its
algorithm was also given. The proposed RPPFQ mainly
includes four steps: the identification of quality charac-
teristics, the planning of process quality, the selecting of
the process alternatives and the assessment of process
quality. A prototype was developed, which serves as an
effective tool for the product designer and process
planner to obtain the key operation process alternatives
with a sufficient process capability before starting de-
tailed product design and process planning. These key
process alternatives can be used as guidelines or outlines
for the detailed process planning so as to reduce or even
eliminate the modification of process plans. The meth-
odology presented in this paper improves the planning
mode and extends the functions of traditional CAPP
systems. Further development is being conducted in
extending the COM components of process alternative
decision-making, and determining the final process
alternatives, considering both the CCP and the total
process cost in a more intelligent manner.
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