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Abstract: Process planning is a group of instrumental actions to the achievement of the output of an op-
eration’s system in accordance with a specified measure of effectiveness. It consists of devising, selecting 
and specifying processes, machine tools and other equipment to convert raw material into finished and 
assembled products. This paper presents an approach developed for supporting management at the earli-
est stage of manufacturing; in another words this approach which is called QCLPP (Quality, Cost, Lead 
time based Process Planning) is a toolkit for process planner to estimate manufacturing cost as well as 
manufacturing cycle time and product quality; using both QFD and FMEA tools to enhance life-cycle 
quality of ownership, this approach is also based on DFP to estimate the manufacturing cycle-time (time 
that elapses from work order release to completion) of a new product that will be made in a manufactur-
ing system that makes other products as well. To estimate manufacturing cost and the cost of risks related 
to a process plan, ABC and CbFMEA are deployed in this approach. For each resource combination, the 
output data is gathered in a selection table that helps for detailed process planning in order to achieve 
higher level of efficiency. A software program has been developed; it aims at supporting process planner 
to achieve goals fixed by the company based on this approach. A case study is presented in order to illus-
trate the approach and prototype system in this paper.   
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1.  INTRODUCTION 1 

Today the manufacturing world is facing major pres-
sure due to the globalization of markets. Firms have been 
striving to respond quickly to market requirement and 
needs, which is why enterprise performance requires the 
control of cost quality and manufacturing cycle-time as 
early as possible in the product development cycle [1 and 
2].  

This paper proposes an approach to develop a new 
tool that can support the process planner in order to satis-
fy the strategic performance objectives of the enterprise 
(cost, quality and lead-time). This approach includes 
tools which have proven their ability to increase compa-
nies’ profitability by reducing costs, improving product 
quality and reducing the time-to-market. In order to esti-
mate the time spent by the product in the manufacturing 
system known as manufacturing cycle-time, Design For 
Production method (DFP) is used in this approach which 
also includes the Activity Based Costing (ABC) method 
to roughly estimate manufacturing cost and finally both 
Quality Function Deployment (QFD) and Failure Mode 
and Effect Analysis (FMEA) tools are used to determine 
manufacturing resources with appropriate process capa-
bility to produce product characteristics required by cos-
tumers. 
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In this paper, manufacturing lead time is defined as 
the time interval from the starting time to the completion.  

To date, many research and development efforts have 
been devoted to develop a number of different methods 
in order to evaluate the impact of development process 
on product quality, cost and lead-time. Shaw [3] devel-
oped an interface between process planning and design, 
to assist designers to develop better products in a timely 
manner. Chin [4] proposed an approach to carry out the 
preliminary process planning for quality in which the 
QFD and the process FMEA are incorporated. 
Maropolous [5] presented a new time based process 
planning architecture that consists of three levels corre-
sponding to aggregate management and detailed plan-
ning. An aggregate process tool-kit which aims at giving 
the designer a way of visualizing the likely product con-
sequences of design decisions is developed. Such aggre-
gate process planning enables the identification of prod-
uct technology requirements, the selection of process and 
equipments, the generation of product route, the evalua-
tion of a factory configuration. Hassan [6] developed an 
approach using QFD, FMEA and ABC to determine key 
process resources with estimation of manufacturing cost.  

Feng [7] developed a conceptual process planning 
prototype for the preliminary manufacturability assess-
ment of conceptual design in the early product design 
stage. It aims at determining manufacturing process, 
selecting resources and equipment and roughly estimat-
ing the manufacturing cost. Mandar [8] presented a 
method for estimating manufacturing cycle-time of a new 
product that will be made in a manufacturing system that 
makes other products as well. This method shows the 
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benefits of reducing manufacturing cycle time and how 
those benefits yield increased profitability. Jeffery [9] 
proposed Design For Production tool which aims at de-
termining how manufacturing a new product design af-
fects the performance of the manufacturing system by 
analyzing capacity requirement and estimating the manu-
facturing cycle-times.  

Although the above mentioned efforts are made to 
improve product development in which manufacturing 
cost, product quality, manufacturing cycle-time are usu-
ally used separately as optimization or assessment indi-
ces for manufacturing system or particularly process 
planning, very few researches have incorporated quality 
and lead time in process planning and management in 
order to determine key process alternatives with an ade-
quate process capability (tradeoffs) and capacity. The 
QCLPP approach is a useful method to asses processes 
involved in manufacturing a new product. In another 
words, this new tool helps process planners to verify if 
the selected resources (fixturing tools, machine tools, etc) 
could respond to customer requirements in terms of qual-
ity, and lead-time. In addition, decisions like increasing 
or decreasing cutting speed or feed rate, the process 
planner could verify immediately with this tool the im-
pact of these decisions on product quality lead time and 
even on product cost. 

The rest of this paper is organized as follows; methods 
and tools used in our approach are presented. Thereafter, 
the QCLPP is described in section 2. In the Third section, 
the prototype system is presented. In section 4, case 
study is presented. The last section, section 5, incorpo-
rates the conclusions of the paper. 

1.1. Quality function deployment (QFD) 
The QFD technique “is a systematic procedure for de-

fining customer needs and interpreting them in terms of 
product features and process characteristics. The system-
atic analysis helps developers avoid rushed decisions that 
fail to take the entire product and all the customer needs 
into account” [10]. It is a process that involves construct-
ing one or a set of interlinked matrices, known as ‘quality 
tables’. The first of these matrices is called the “House of 
Quality” (HOQ). The house of quality matrix has two 
principal parts; the horizontal part, which contains in-
formation relevant to the customer, and the vertical part, 
which contains corresponding technical translation of 
their needs. The basic process underlying QFD resides in 
the centre of the matrix where the customer and technical 
parts intersect, providing an opportunity to examine each 
customer’s voice versus each technical requirement, for a 
detailed description of QFD formation process [11]. 

1.2. Failure Mode Effects Analysis (FMEA) 
FMEA is a disciplined approach used to identify po-

tential failures of a product or service and then determine 
the frequency and impact of the failure. It is an approach 
that is often referred to as a “bottom up” approach, as it 
functions by means of the identification of a particular 
cause or failure mode within a system in a fashion that 
traces forward the logical sequence of this condition 
through the system to the final effects [12]. The main 
idea is to generate a risk priority number (RPN) for each 
failure mode. The higher the risk number, the more seri-

ous the failure could be, and the more important it is that 
this failure mode be addressed.  

The traditional FMEA involves ambiguity with the 
definition of risk priority number: the product of occur-
rence (O), detection difficulty (D), and severity (S) sub-
jectively measured in a 1–10 range. The three indices 
used for RPN are ordinal scale variables that preserve 
rank but the distance between the values cannot be meas-
ured since a distance function does not exist. Thus, the 
RPN is not meaningful.  

A cost-based FMEA alleviates this ambiguity by us-
ing the estimated cost of failures, [13 and 14] proposing a 
new technique called FMERA (Failure Modes, Effects, 
and Financial Risk Analysis) that identifies and prioritiz-
es the process part of potential problems that have the 
most financial impact on an operation. Alternatives can 
be evaluated to maximize the financial benefits. Adding 
columns concerning failure costs to standard FMEA 
table, a cost-based FMEA table is obtained. 

1.3. Activity-Based Costing (ABC) 
ABC assumes that cost objects (e.g., products) create 

the need for activities, and activities create the need for 
resources. Accordingly, ABC uses a two-stage procedure 
to assign resource costs to cost objects. In the first stage, 
costs of resources are allocated to activities to form Ac-
tivity Cost Pools. These activities are allocated in the 
second stage to cost objects based on these object’s use 
of the different activities. In order to differentiate be-
tween the different allocations at the two stages, the first-
stage allocation bases are termed ‘‘resource cost drivers’’ 
and the second-stage bases “activity cost drivers”, [15 
and 16]. Figure 1 illustrates the concept of ABC method. 

1.4. Design for production (DFP) 
DFP refers to methods that determine if a manufactur-

ing system has sufficient capacity to achieve the desired 
throughput and methods that estimate the manufacturing 
cycle time of a new product. DFP can also suggest im-
provements that decrease capacity requirements (which 
can increase the maximum possible output), reduce the 
manufacturing cycle time, or otherwise simplify produc-
tion [7 and8].  

These methods require information about the new 
product’s design, process plans of existing products, and 
production quantity along with information about the 
manufacturing system that will manufacture these prod-
ucts.  

With DFP method, manufacturing system is character-
ized by  the machines  performance like the mean time to  

 
 

 
 

 
Fig. 1. The concept of ABC. 
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failure (mf
j) and mean time to repair a machine (mr

j). The 
products are characterized by the job size (number of 
parts)  and  the  desired  throughput  (Di) number of parts 
per hour of factory operation, the sequence of machines 
that each job must visit; the mean setup time (per job) at 
each machine (sij) and its variance (cs

ij); the mean pro-
cessing time (per part) at each machine (tij) and its vari-
ance (ct

ij); the yield at each machine that a job must visit 
(yij) (the ratio of good parts produced to parts that under-
go processing).  

The squared coefficient of variation (SCV) of a ran-
dom variable equals its variance divided by the square of 
its mean. Other notations used are as follow: 

I set of all products 
Ri sequence of machines that product i must visit 
Rij subsequence that precedes machine j 
Yij cumulative yield of product i through Rij  
Yij cumulative yield of product i through Ri 
xi release rate of product i (jobs per hour) 
Aj availability of a machine j 
Vj set of products that visit machine j 
cr

i SCV of batch inter-arrival time of part i 
t+j aggregate process time at machine j 
c+

j SCV of the aggregate process time 
t* j modified aggregate process time at machine j 
c*

j SCV of the modified aggregate process time 

The cumulative yield is the product of the yields at 
each machine that the product visits is calculated using 
the following equations. 

��� = ∏ �����	
� , (1) 

�� = � ���
��	


. (2) 

1.4.1. Arrival aggregation 
The batch arrival rate of a part type is its demand di-

vided by the average batch-size arriving at the first ma-
chine, and adjusted by the overall yield rate to fulfill the 
demand, Eq. (3). 

�� = �

�
�
    . (3) 

The aggregated batch arrival rate at the machine j is 
the sum of the batch arrival rates of all part types is cal-
culated with Equation (4). 

�� = ∑ ���∈�� , (4) 

�� = ���� ∶ �����. (5) 

The SCV of aggregated inter-arrival time at the first 
machine can be approximated by the weighted average of 
the SCV of batch inter-arrival time of all part types, Eq. 
(6). 

 
 

 !" = ∑ #
$%

∈&
∑ %

∈& , (6) 

 �' = ()�
�
�
�
� . (7) 

1.4.2. Processing time aggregation  
The mean processing time (per part), the mean setup 

time (per batch), batch size, desired throughput and ma-
chine availability are used at this stage to calculate the 
aggregated processing time. 

• Batch processing time 
The mean batch process time is the sum of the mean 

batch setup time and the mean total processing time. The 
mean total processing time is the mean single-part pro-
cessing time multiplied by the mean number of parts in 
the arrived batch, Eq. (8). 

*��+ = ,����*�� + .��. (8) 

The variance of batch processing time is the sum of 
the variance of setup time and total processing time. The 
variance of total processing time is contributed by the 
variance in single-part processing time and the variance 
in the arrived batch-size, Eq. (9).  

/*��+0( ��+ = ,����*��(  ��1 + .��(  ��2 . (9) 

• Aggregation 
The aggregate process time of jobs at machine j is the 

weighted average of all the jobs that visit machine j. 
Each product is weighted by its release rate, Eq. (10). 
Equation (11) calculates the mean of the square aggre-
gate process time, which can be used to determine the 
SCV ( �+). 

t4+ = ∑ 5676896∈:8
;� , (10) 

/*�+0(/ �+ + 10 = ∑ %
=1
�9>?=#
�9+!>
∈@�
;� . (11) 

• Downtime adjustment 
Equation (10) gives the SCV of aggregated processing 

time at the machine without considering machine una-
vailability. However, due to the machine failures or 
downtime (e.g., scheduled maintenance), the actual pro-
cessing time will take longer thus needs to be adjusted. 
The percentage of time that a machine is available is Aj, 
depending on the mean time to failure (mf

j) and mean 
time to repair a machine (mr

j), Eq. (12): 

A� = B�C
B�C+B�$

. (12) 

The adjusted mean aggregated time and SCV of ag-
gregated time become: 

 

*�∗ = 1�9
E�, (13) 

 �∗ =  �+ + 2A�/1 − A�0 B�$
1�9 . (14) 
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1.4.3. Flow variability propagation and cycle time 
calculation 

At this step, two factors are determined, which are: 
machine utilization, cycle time at station j. 

• Machine utilization  
The average utilization rate uj at a machine j is the 

percentage of time that it is busy. It is calculated by the 
following equation: 

H� = 1�∗
I� ∑ ���∈�� . (15) 

• Approximation for cycle time calculation 
The variability of inter-departure time at each ma-

chine is propagated from the variability of inter-arrival 
and processing time. It can be approximated by the fol-
lowing equation: 

 �J = 1 + K�?
LI� / �∗ − 10 + /1 − H�(0/ �" − 10, (16) 

 �" =  �)!      J ,      2 ≤ � ≤ O. (17) 

With all the information about (ca
j), (c*

j), xi and (t* j) 
through the manufacturing system, they can be used to 
calculate the cycle time at each machine.  

The first term on the right hand side of Eq. (18) is the 
approximated queuing time. It can be seen that the queu-
ing time is composed of three factors: variability, utiliza-
tion, and processing time. The mean system cycle time is 
the sum of the machine cycle times: 

 
2. QCLPP APPROACH 

Aiming to estimate manufacturing cycle time, we 
roughly estimate the manufacturing cost as well as the 
failure cost and to meet quality requirements. This meth-
od begins with information given by product design and 
selected manufacturing process and the QFD and FMEA 
analysis results from design phase. QCLPP is a systemat-
ic and structured planning process, in which each step is 
supported by appropriate methods and tools. As shown in 
Fig. 2, the steps for QCLPP process are:  

• Selection of process alternatives using QFD infor-
mation and a quality measure index, called the com-
posite process capability (CCP), adopted from [4 
and17]; 

• Process failures analysis using process FMEA;  

• Estimation of the manufacturing cycle time;  

• Assessment of non-quality (failure) cost using cost-
based FMEA;  

• Estimation of the manufacturing process cost. 

2.1. Selection of process alternatives 
This step uses information indicated in the product 

engineering drawing, mainly geometric characteristics, 
the dimension tolerance, the geometric tolerance and 
roughness, all these information represent the quality 
characteristics which are translated into process element 
xj and their target levels. In order to achieve the process 
element level, it is required to select appropriate process 
alternatives aj based on part information and manufactur-
ing resources. 

2.1.1. Estimating the capability of the process ele-
ment 

Based on the process alternative, the capability of 
each process element, referred to from now on as an 
element capability, is defined as: 

 

 Cej= P1 + %�)%�Q
R�)S�TU�

  

if xj is a large-better index; 
 

 Cej= P1 − %�)%�Q
R�)S�TU�

, 

 
if is a small-better index j = 1, 2,…, n.  (20). 

Cej is the capability of ej; x0, xj the standard or bench-
mark and the current value of quality value of ej, respec-
tively; gj the correlation coefficient, set by empirical 
machining data, and ν > 0; Lj, Uj the technical feasible 
lower and upper bounds of the process element (ej) level; 
n the number of process elements (ej). When the process 
element level is at a bench-mark level, the capability of 
the process element is set as the standard value ”1”.  

2.1.2. Estimating the capability of the quality charac-
teristic 

The assurance capability of each quality characteris-
tic (Cqi) can be estimated by the following formula: 

 

 Cqi=∑ V��WX�I�Y!  , i =1; 2; …; m. (21) 
 

Cqi is the capability for assuring qi and Wij the coeffi-
cient of relationship between qi and ej ∑ V�� = 1I�Y! ; m 
the number of quality characteristics (qi). 

2.1.3. Estimating the Composite Process Capability 
of all quality characteristics 

The CCP reflects the overall degree of assuring all the 
quality characteristics. Owing to every quality character-
istic possessing the right to veto on the overall process 
quality according to the trade-off strategies, we adopt the 
multiplicative fashion to calculate the CCP as follows 
[18]: 

 

 CCP = ∏ ZW[�\]6B�Y! .  (22) 
 
 With νi ]1,0[∈ , 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 stand-
ard process alternatives, whose quality measures are 
X0=/X1

0,X2
0,……,Xn

00, is always equal to 1. A CCP of 
more than 1 indicates that the overall capability level 
increases and the probability for assuring all quality 
characteristics is higher than the standard process alterna-

^ �̂∗ = !
( / �" +  �∗0 K�

_`?a� 9?bcd

I�/!)K�0 *�∗ + *�∗, (18) 

^ �̂ = ∑ ^ �̂∗�∈	
 . (19)  
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tives. On the contrary, a CCP of less than 1 indicates that 
the overall capability level decreases and the probability 
for assuring all quality characteristics is lower than the 
standard process alternatives.  

2.2. Analysis of process failures 
The QCLPP approach uses FMEA to analyze process-

es of various potential failures. The focus of standard 
FMEA is usually on providing quality and reducing fre-
quency of problems, severity (S) rating are usually linked 
to the ability to provide quality products to the custom-
ers. An occurrence (O) rating gives an indication of the 
frequency of the problem. Detection (D) ratings are an 
estimation of the effectiveness of problem prevention and 
containment. 

The Risk Priority Number (RPN) is a product of the 
Severity, Occurrence, and Detection ratings: SxOxD = 
RPN. 

The process elements in the QFD (ej) are useful for 
determining the causes of failures and the recommended 
alternative actions [19]. The RPN values are related to 
process alternatives selected in the previous step. 

2.3. Manufacturing cycle-time estimating 
The objective of this step is to evaluate the capacity of 

workshops and estimate manufacturing cycle time using 
DFP method based on the results of previous steps.  

Consider a flow line manufacturing system consisting 
of n machines (1 < j < n) which manufacture m types of 
parts and all these parts go through every machine in the 
system without skipping. Part type i (1 < i < m) has a 
desired throughput (Di), and arrives in batches randomly  

 

with predetermined batch-size (Bi), and a SCV for its 
batch arrival (ca

j). 
Each batch of part (i) is processed on one machine j 

with mean setup time, (sij), mean single-part process 
time, (tij), and mean yield rate yij. 

The average cycle time for a batch of any part type 
spending in machine j, Eq.(18), is TTj. The total manufac-
turing cycle time is estimated by Eq. (19), and the re-
source utilization using Eq. (15) taking into account the 
availability and the yield of each machine. 

2.4. Estimation of manufacturing cost  
The total manufacturing cost is estimated using the 

ABC method. The manufacturing process is broken 
down into activities based on a decomposition of [7 and 
[6]. The total manufacturing cost is the sum of activity 
costs, Eq. (23). 

WB" = ∑ W"#1�e�1fgh�i�Y!  = ∑ /WB"#j�I�Ik � +i�Y!Wlm"J_Klm"J� + W2o1Kp� + Wj"IJl�Ik � +
        Wp'mk'"BB�Ik_1o21�Ik� +
Wmeo'jo"J � 0  

(23) 

Cma is the cost of manufacturing activities; N is the to-
tal number of activities involved in the manufacture of 
the part. 

Ci
machining is the machining cost of activity i, it is calcu-

lated by Eq. (25). The first term of this equation is the 
cost related to machines involved in the manufacturing 
process, as for the second term it is the cost related to the 
tools performing each operation, the formula is as fol-
lows: 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 Fig. 2. The process of QCLPP. 
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WB"#j�I�Ik� = ∑ W��^ �̂∗/,� + W1mml� , (25) 

where:  

W1mml� = ∑ W!� !̂� + ∑ W(� rcs
rQs. (26) 

Tk
1 and Tk

0 are the cutting time and tool life time re-
spectively of the tool k. C1

k and C2
k are the cost per hour 

related to cutting labour and tool labour respectively of 
the tool k [20]. 

Ci
load_unload is the load and unload activity. Ci

setup is the 
setup cost of activity i. Ci

handling the handling cost of ac-
tivity i. Handling is a batch-level activity. 

Ci
programming_testing the programming and testing cost of 

activity i. Programming-testing is a product-level activ-
ity. Ci

overhead the overhead cost of activity i. It is a facility-
level activity. 

2.5. Estimating the cost of failures 
To estimate the financial impact of various potential 

failures, an extended technique, called cost-based FMEA, 
is used. Based on standard process FMEA and selected 
process alternatives from previous steps, cost-based 
FMEA has been used to identify and prioritize the pro-
cess part of potential problems that have most financial 
impact.  

• Internal cost per event 
Internal failure costs are costs that are caused by 

products not conforming to requirements or customer 
needs and are found before delivery of products to exter-
nal customers.  

Each potential failure event is analyzed to determine 
the financial risk. The internal cost per event can be es-
timated using the following form: 

 

 Wo�� = tuvwHx  w.* + yu*Xx�uz  w.*.  (27) 
 

Wo��  is the is the internal cost of event e related to activity 
j. 
 

 tuvwHx  w.* = {w|} *�~X × ℎwHxz� zuvwHx  w.*. (28) 
 

Labor cost is the cost of operator work which elimi-
nates the failure. Material cost is the cost of component 
replacement due to failure. Using ABC method, the cost 
of manufacturing activities WB" is estimated for the com-
ponent. 

• External cost per event  
External failure costs are costs that are caused by de-

ficiencies found after delivery of products to external 
customers, which lead to customer dissatisfaction. The 
external costs per event, in our study, are essentially the 
complaints cost: 

 

 Cee
j = Complaints cost , (29) 

 

 Cee
j =  external cost of event e related to activity j. 

• Event probability 
The probability of failure events, associated to activity 

j, can be estimated via prob (Oj) which is the probability 

corresponding to the occurrence rank of the risk associat-
ed with activity j. 

�H~vXx w� X�X}*. �Xx �Xux = �xwv Z��\ ×�w. w� H}�*. �Xx �Xux .                              (30) 

The cost of all activities related to risks can be defined 
as:  

W' = ∑  �xwv Z��\p! ��xwv Z��\ × Wo�� + �xwv Z1 −
��\ × Woo� �                                                                                  (31) 

prob Z��\ is the probability corresponding to the detec-
tion rank of the risk associated with activity j. 

Therefore, ^ℎX u}}Huz x�.�  w.* = �w. w� H}�*. �Xx �Xux × W'         (32) 

• Implementation cost 
Implementation cost is the cost of implementing alter-

native action. For each failure mode, financial risk has 
been estimated, alternative actions have been identified 
and their cost has been calculated. To take into account 
the risk cost associated to manufacturing process, manu-
facturing process cost before alternative actions imple-
mentation could be defined as: 

 

 WB = WB" + W'. (33) 
 

Cm is the manufacturing process cost of an artifact. 
Note that it is not necessary for the alternative actions to 
eliminate the risk completely. Therefore, the risk cost 
must be taken into account even after the implementation 
of alternative act-ions. Manufacturing process cost after 
alternatives implementation is given by this equation: 

 

 Cee
j WB′ = WB" + W'′ + W".  (34) 

 
Cma is the cost of manufacturing activities after the 

implementation of alternative actions. This cost may 
have to be recalculated if some of actions modify the 
manufacturing activities Cr’  is the cost of risk-related 
activities after alternatives implem-enttation. 

C�′  =    ∑ prob ZO′4\�4Y! �prob =D′4> × Cgf4 +
 prob Z1 − D′4\ × Cgg4 �.                             (35) 

 probZ�′�\ and prob Z�′�\ are the probability corre-
sponding to the new occurrence and the new detection 
rank of the risk associated with activity j, respectively, 
after the implementation of alternative actions; Ca is the 
cost of implemented actions. 
 

3. A PROTOTYPE SYSTEM 

Based on the methodology described above, a proto-
type has been developed; called QCLPP this application 
aims to support the process planner at estimating manu-
facturing cycle time and costs, resource utilization and 
assessing product quality. QCLPP consists of four mod-
ules; the first one is the quality module it is dedicated to 
assess product quality based on process elements in-
volved in processing the product, the second module is 
manufacturing cycle time module, manufacturing cost 
module which is responsible for estimating cutting tool 
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cost and manufacturing cost based on information gener-
ated by former step and manufacturing system module it 
serves as a decision making tool to choose among several 
alternative groups.  

Figure 3 shows the structure model of the developed 
prototype. Using this application process planner starts 
with selecting and assessing the capability of the selected 
processes. Next,  with browsing XML files generated by 
CAD/CAM systems which contains machining time of 
each operation, cutting tools involved in this operation; 
almost all information extracted from these files are 
displayed in the processing time table as shown in the 
next section (in the case study). Processing time extract-
ed from the XML files serves also as key information to 
estimate cutting tools cost and therefore to estimate man-
ufacturing costs. 

4. CASE STUDY 

To illustrate the QCLPP approach we present in this 
section an example of a machined part to be manufac-
tured in a work shop which consists of several CNC 
machines. 

Figure 4 shows the drawing of this part containing 
dimensions, tolerances and geometrical specifications. 
The raw material of this part is a low alloy steel pre-
formed bar 110 ×110 mm² and cut into 35 mm. This part 
will be manufactured in a work shop which manufac-
tures another product.  

The objective of this section is to illustrate with this 
example the methodology followed to perform an analy-
sis of the process planning.  

 
 
 
 
 
 
 
 
 
 
 
 
 

 
 

Fig. 4. Drawing part. 
 
 
 
The objective of this section is to illustrate with this 

example the methodology followed to perform an analy-
sis of the process planning. 

4.1. Estimating the capability of process alternatives 
Geometric characteristics are firstly identified; they 

are shown on the drawing part. In our example geometric 
characteristics identified in the drawing part are: planari-
ty, position and circularity. The goal of this step is to 
select process alternatives that could manufacture this 
part by respecting all these geometric characteristics. 

Machines and tools required to manufacture this part 
are presented in Table 1. Indeed, two altern-ative groups 
are studied, AG1: (MT1, FM1, CC1) and AG2: (MT2, 
FM2, CC2) and the process elements are: machining 
tools, fixture mode and cutting conditions.  

The relationships between quality characteristics and 
process elements are assessed with the QFD tool. Figure 
5 contains the house of quality table and the capability 
table. The CCP index of each alternative group is esti-
mated using Equation (20-22). For the AG1, the CCP 
found is 1.24, as for the AG2 the CCP is 1.31. 

 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 3. A structure of the QCLPP prototype. 

Extracted 

data 

 

Operations & 
Machining-time 

(XML files) 

      Extract data 

Generate XML files 

Product design 

Estimating Composite 
Process Capability 

Manufacturing cycle 
time estimating 

Assessment of    
non-quality cost 

Manufacturing cost 
Estimating 

SolidWorks/CamWorks 

CAD/CAM 

Table 1 
Alternative groups 

 

Process 
element 

Alternative 
ref Process alternative name Measure Process 

element level 

Machining 
tool 

MT1 NC Milling machine. And  Numerical lathe center Precision grade IT8 
MT2 NC Milling machine. And  Numerical lathe center Precision grade IT9 

Fixturing 
mode 

FM1 2 Outer spokes clamping Locating error 0.05 mm 

FM2 Vise, Outer spoke clamping Locating error 0.04 mm 

Cutting con-
dition 

CC1 Cutting force and speed Deformation 0.08 mm 

CC2 Cutting force and speed Deformation 0.09 mm 
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4.2. Process failure analysis  
Once the alternative groups are selected, the process 

element and the product quality characteristics are now 
assessed with FMEA process. FMEA process table in 
Fig. 5 shows the RNP values related to the process 
FMEA analysis for the work piece. 

The four holes are made in the same machine, but the 
fixturing scheme is not the same. With the vise of the 
second alternative group, the RNP of quality characteris-
tic position (q2) is higher than the predefined threshold, it 
equals to 80; therefore, there is a need for alternative 
actions to reduce the occurrence (O) rating. The recom-
mended action is adding a side clamping set, and the new 
RNP will be 32. 

4.3. Manufacturing cycle time estimating  
The machining of this part has been simulated with 

the CamWorks module of SolidWorks. For the two Al-
ternative Groups AG1 and AG2, the two machine centers 
selected to perform all operations of a work piece are NC 
milling machine and NC lathe centre. 

Operations to be performed are the same for these two 
Alternative Groups. However, Cutting Conditions, tool 
path and cutting tools are not the same. Therefore pro- 
cessing times are not the same. Table 2 lists the total 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

machining time on these two machines selected to manu- 
facture the part. For AG1, the setup time for this part is 
30 minutes on the lathe centre and 30 minutes on the 
milling machine centre; As for AG2, setup time is 30 
minutes on the lathe centre and 10 minutes on the milling 
machine centre. In the second alternative group we are 
selecting a vise which is serving as a fixture tool for the 
two manufactured product; this choice can reduce the 
total manufacturing cycle time compared to the first 
alternative group. The desired throughput for the product 
to be manufactured is 24parts/day 

Information related to the products to be manufac-
tured is gathered in the same layer, 40parts/day is the 
desired throughput for the second product.  

Manufacturing cycle time of each product is estimated 
with DFP method. Figure 6 is the “manufacturing cycle-
time” screen sheet, which contains: Processing time 
table, Setup-processing time table, products table and 
process plans table. The processing time are extracted 
from XML files and displayed in the processing time 
table. 

 The setup-processing time table contains the pro-
cessing rate (parts / day), the setup time and the SCV of 
setup time and processing time which are equal to 1. 

 
Fig. 5. Capability of process alternatives. 

 

 CNC Machines Processing time (min) Setup time (min/lot) 

Alternative Group 1 N. Lathe centre 7.50 30 
N. C. Milling machine 

centre 
6 30 

Alternative Group 2 N. Lathe centre 8.57 30 
N. C. Milling machine 

centre 
6.66 10 

 

Table 2  
Conceptual process planning 



 A. Jabri, A. El Barkany and A. El Khalfi / Proceedings in Manufacturing Systems, Vol. 8, Iss. 1, 2013 / 3−14 11 

 

In the next, we present an example of calculation for 
the first alternative group AG1. Cycle time estimating of 
AG2 is similar to AG1. 

• Arrival Aggregation  
Release rate is firstly calculated. Batch sizes are fixed 

to 15 and 25 unit/batch for the first and the second prod-
ucts.  

Using Eq. (3), for the first product, release rate is 1.6 
(batch/day), and 1.6 (batch/day) for the second one.  The 
SCV of aggregated inter-arrival time at the first machine 
is determined using Eq. (6).  

We need to determine the SCV of inter-arrival times 
for each product (cr

i) using Eq. (7). 

c1
r =

2 − 1

15
=0.067, 

c2
r =

2-1

25
=0.04, 
 

c1
a=

1.6×0.067+1.6×0.04

1.6+1.6
= 0.053. 

• Processing time aggregation  
The batch processing time is the sum of the mean 

batch setup time and the mean total processing time (t+ij).  
The mean batch processing time of the first product   

(i = 1) at the lathe centre (j = 1) and the milling machine 
centre (j = 2) are: 

 

 t11
+ =15×1×Z7.50÷60\+Z30÷60\ = 2.38   hours, 

 

 t12
+ =15×1×Z6÷60\+Z20÷60\ = 2.00       hours. 

 
 

The mean of the batch processing time for each item on 
each machine are then obtained. Since the part pro[ 
cessing times on each machine are exponentially distrib-
uted, SCV (ct

ij) and (cs
ij) are equal to 1.  

The SCV of total processing time on each machine is 
calculated using Eq. (9).  

Z2.38\2c11
+ =15×1×Z7.5÷60\2×1+ Z30÷60\2×1 

Since all machines are perfectly reliable (Aj = 1),  
c*

j = c+
j and t* j = t+

j. 

c11
+ =0.09, 

c12
+ =0.10. 

 

The adjusted aggregate process times of jobs at the 
lathe centre and the milling machine are calculated as 
follows:  

t1
*=

1.6×2.38+1.6×1.75 
1.6+1.6

 = 2.07  hours, 

t2
*=

1.6×2.00+1.6×2.00

1.60+1.60
= 2.00  hours. 

 

And the SCV of the adjusted aggregate process times 
are calculated using Eq. (14). 

 

Z2.07\2/c1
*+10=

1.6×Z2.38\2×Z0.09+1\+1.6×Z1.75\2×Z0.1+1\
1.6+1.6

, 

Z2.00\2/c2
*+10=

1.6×Z2.00\2×Z0.10+1\+1.6×Z(.00\2×Z0.06+1\ 
1.85+1.9

 , 
   

 

 
 

Fig. 6. Manufacturing Cycle-time estimating. 
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Fig. 7. Manufacturing cost and cost of failure estimating. 

 

c1
*  = 0.11, 

c2
*  = 0.10. 

 
The adjusted aggregate process times are gathered in 

the process plans Table in Fig. 7. 

• Flow variability propagation and cycle time 
Machine utilization is calculated using Eq. (15). The 

aggregate process time calculated previously is key in-
formation to estimate machine utilization, for the two 
machines:  

 

 u1=2.07×
Z1.6+1.6\

8
= 82.80 %, 

 

u2=2.00×
Z1.6+1.6\

8
= 80.00 %. 

 
For the AG2:  
 

 

 u1=2.11×
Z1.6+1.6\

8
= 84.40 %, 

 

 u2=1.80×
Z1.6+1.6\

8
= 72.00 %. 

 
Resource utilization table in the manufacturing sys-

tem sheet, Fig. 8, contains the values u1 and u2 of the two 
alternative groups, and the chart is automatically updat-
ed. 

The SCV of inter-arrival times at the second machine 
is: 

 
 

c2a =c1 d=1+ 0.82 2×0.15-1+1-0.82 2×0.062-1=0.121. 

Manufacturing cycle time is approximated by Eq. 
(18). For the lathe centre:  

TT1
*  = 

1

2
× Z0.053+0.11\ × 0.828

/1-0.8280 ×2.07+2.07 = 2.88 . 

And manufacturing cycle time at the milling machine 
is:  

TT2
*  = 

1

2
×Z0.121+0.1\ ×

0.80

/1-0.800 ×2.00+2.00 = 2.77 . 

And the total manufacturing cycle time for this part is 
the sum of the manufacturing cycle time at the two ma-
chines, it equals to: 5.65H. 

For the AG2, the total manufacturing cycle-time of 
this product is: 5.73H. 

4.4. Manufacturing cost  estimating  
Manufacturing cost is estimated using the ABC meth-

od; the activities involved in the manufacturing process 
are: programming and testing, machining, load/unload, 
setup, handling, inspection and Material.  

The machining cost is calculated using Equation (25). 
The previously estimated processing time by DFP 
method is incorporated in Eq. (27) used to estimate 
manufacturing cost on each machine. Figure 7 is cost 
estimating screen sheet which contains tooling cost, 
activity tables and cost based FMEA table. 

The first table summarizes costs related to the cutting 
tools involved in the manufacturing process; it provides 
data needed to estimate tooling cost using Equation (26). 
We assume that the hourly cost of cutting tool is 0.9 € / h 
and the tool life time is 3 hours and the tool cost is equal 
to 0.5 €.  
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Fig. 8. Process alternative selection table. 
 
 

For the AG1 machining cost is 4.84 €. Finally, manu-
facturing cost is the sum of activities costs Cma = 8.98 €. 
For the AG2 manufacturing cost is 9.23 €. 

4.5. Failure cost estimating  
Downtime to detect the failures is 15 minutes and the 

hourly labor cost is 2 €/H. 
 

Labor cost = 
15min

60
×2 =  0.5 €. 

 
According to results of the previous stage in terms of 

manufacturing costs which is 9.98 €. For the AG2: (0.5 + 
9.98 = 10.48 for AG2). 

External cost is supposed to be the same for AG1 and 
AG2 and it is equal to 18 €. 

CrGR2 = 1200× PZ5\ × �PZ4\ × 10.48+ Z1 − PZ4\ × 18\�, 
CrGR2 = 1200× � 2.9

1000
× Z0.31× 10.48+ Z1 − 0.31\ × 18\� = 

54 €. 

The implementation cost of the proposed alternative 
actions is 50 €. 

Cr’ GR2 = 1200× PZ2\ × �PZ4\ × 10.48+ Z1 − PZ4\ ×
18\�, 

Cr’ GR2=1200× � 2.9
100 000

× Z0.31× 18+ Z1 − 0.31\ ×
  10.48\� + 100= 100.54 €. 

4.6. Process alternative selection  
Finally, results of the previous steps are gathered in a 

selection table, manufacturing cycle time, resource utili-
zation, manufacturing cost and alternative action cost are  
the evaluation criteria to be assessed at this stage. The 
purpose of this stage is to select the best alternative 
which compromises multiple evaluation criteria. In the 
literature, there are a lot of methods of multiple evalua-
tion criteria [21, 22, and 23]. 

In our approach we adopt the method used bay [6 and 
24]. With this method the process planner gathers and 
prioritizes the evaluation objectives on 1−10 scale, the 
final score is calculated in order to identify the most 
suitable alternative which replies to multiple objectives, 
Fig. 8. The AG1 score is 56%, as for the AG2 its score is 
44%, which means that the second Alternative groups is 
better than the first one.  

5. CONCLUSION 
 

The objective of this paper is to propose an approach 
to develop a new tool that helps process planner to im-
prove the effectiveness of Process Planning. Quality, cost 
and lead-time are taken in consideration by process plan-
ner during the selection and defining the processes that 
have to be performed in order to transform raw material 
into an end product. In this paper, a QCLPP approach is 
presented; it is based on tools such as QFD technique and 
process FMEA to assess the product quality via a CCP 
index. The QCLPP approach also includes the ABC and 
DFP methods to estimate respectively the manufacturing 
cost and cycle-time. The output of each method is gath-
ered in a selection table to help the process planner to 
select the most suitable combined alternatives in terms of 
quality improvement, cost and lead time meeting. A case 
study is presented in this paper to illustrate this new 
developed approach. 
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