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Abstract
Reconfigurable manufacturing system (RMS) is designed around part family pro-
viding exact production function and capacity in cost-effective way when needed. 
Besides the grouping accuracy of part family impacting the responsiveness of RMS, 
the efficiency problem of RMS resulting from the difference of process time and 
capacity demand should be solved. Therefore, a similarity coefficient method for 
RMS part family grouping considering process time and capacity demand is pro-
posed. First, the longest common subsequence (LCS) among different part process 
routes is extracted and the shortest composite supersequence (SCS) of parts is con-
structed. Idle machine (IM) and bypass move (BPM) are analyzed based on SCS. 
Then, the process time (T) and capacity demand (D) are used as characteristic value 
of operation. And characteristic value sequences of process route, LCS, SCS, IM 
and BPM are gained, that is, TDP, TDLCS, TDSCS, TDIM and TDBPM respec-
tively. By analyzing the relationships between TDLCS and TDSCS, the characteris-
tic value sequences of TDLCS, TDIM and TDBPM are used to calculate the similar-
ity between parts. Based on the similarity matrix, the netting clustering algorithm 
is used for clustering to complete the part family grouping. Finally, a case study is 
presented to implement the proposed method and validate the effectiveness.
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1 Introduction

As the economy develops, customer demands become more diverse, leading 
to ever-increasing product types and large fluctuations in market demand. The 
shortcomings of currently existing manufacturing systems have been gradually 
revealed, and a new type of manufacturing system that pursues rapid responsive-
ness at cost-effective way is needed. Reconfigurable manufacturing system (RMS) 
is a promising paradigm to handle suddenly irregular changes, which can rapidly 
adjust its capacity and function within a part family (Koren et al. 1999). On the 
basis of maximum utilization of currently available resources and through rapid 
reconfiguration, the manufacturing system is converted economically in response 
to specific new demands (Luo et  al. 2000; Liang and Ning 2003; ElMaraghy 
2005).

The design goal of a RMS is to meet the capacity and function requirements 
of a part family. That is, the system design of RMS is centered on a specific part 
family (Goyal et al. 2013b; Koren 2013), which remedies the overcapacity of the 
dedicated manufacturing system (DMS) and the functional redundancy issue of 
the flexible manufacturing system (FMS). Every part family corresponds to a spe-
cific RMS configuration (Zhao et al. 2000), and the configuration has the capabil-
ity to produce all parts within the part family. Thus, the grouping of part family 
directly determines the RMS configuration, and the grouping effect of part family 
determines the efficiency of RMS when production.

The part family grouping technology was studied before the proposed of 
RMS and RMS adopted it as an enabling technology to provide customized flex-
ibility. In the early phase, researchers focused on analyzing the characteristics 
of part operation (Choobineh 1988; Vakharia and Wemmerlov 1990, etc.), the 
problem scale (Balakrishnan and Jog 1995), clustering algorithm (Tam 1990), 
etc. Lozano et al. (2001) analyzed the weakness of a binary parts-machine cor-
relation matrix and proposed a process route similarity based neural network 
algorithm. Yin and Yasuda (2005) summarized and compared Jaccard similar-
ity coefficient-based similarity coefficient. After the proposed of RMS, the part 
family grouping research went into a new era. Galan et al. (2007) concerned the 
production efficiency of RMS when grouping part family. Abdi (2012) selected 
part family for reconfigurability. Ma et al. (2011) and Ashraf and Hasan (2015) 
tried to study the part family formation considering characteristics of RMS 
(modularization, reusability, etc.). Excepting the RMS characteristics, the influ-
ence of production factors on the efficiency of manufacturing system aroused the 
interest of some researchers. Seifoddini and Djassemi (1995) firstly studied the 
impact of production volume on the similarity between parts. Abdi (2012) con-
sidered manufacturing requirement, market requirement, cost, etc. Goyal et  al. 
(2013a) and Wang et  al. (2016) investigated the idle machine situation when 
grouping part into family. The most current literatures with concentrate on part 
family grouping are summarized in Table  1. In conclusion, existing literature 
rarely considered process time (production factors) and capacity demand (RMS 
characteristics). The difference of process time on common operations of parts 
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will lead to an imbalance of production line, which decreases the efficiency of 
manufacturing system. The difference of capacity demands among part requires 
re-planning of scalability increasing reconfiguration efforts of RMS, which will 
magnify the impact of process time difference as well. It is necessary to recog-
nize the parts with abnormal process time on common operations and capacity 
demand and eliminate during part family grouping to keep efficiency of manu-
facturing system. Seifoddini and Djassemi (1995) showed the flexibility of the 
similarity coefficient method when combined with production factors, which 
can be extended to characteristics of RMS. Therefore, a similarity coefficient 
method for RMS part family grouping with consideration of process time and 
capacity demand is proposed in this paper.

The remaining part of this paper is structured as follows: Firstly, a literature 
review of related works is given. Section  3 defines the necessary concept and 
analyzes the problem. Section 4 shows the part family grouping method includ-
ing the design of similarity coefficient and the selection of cluster algorithm. 
Section  5 provides a case study of the proposed method. Section  6 concludes 
this paper.

Table 1  Summary of existing literature

“+” means the method/factor is considered
“−” means the method/factor is not considered

Literature Similarity 
coefficient

Process 
sequence

Production factors

Choobineh (1988) + + −
Vakharia and Wemmerlov (1990) + + Machine load
Tam (1990) + + −
Ho et al. (1993) + − −
Balakrishnan and Jog (1995) + − Large problems of up to 1000 parts 

and 1000 machines
Seifoddini and Djassemi (1995) + − Production volume
Askin and Zhou (1998) + + LCS
Lozano et al. (2001) + + −
Galan et al. (2007) + − −
Zhang and Qiu (2008) + − −
Ma et al. (2011) + − −
Gupta et al. (2012) + − −
Abdi (2012) − − Manufacturing and market require-

ments, manufacturing cost etc.
Goyal et al. (2013a) + + LCS, SCS, idle machine, bypass move
Kashkoush and ElMaraghy (2014) + + −
Ashraf and Hasan (2015) + − Modularity, reusability
Wang et al. (2016) + + LCS, SCS, idle machine, bypass move
Khanna and Kumar (2017) + + −
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2  Literature review

RMS considers production capacity and function adjustment through rapid altera-
tions of system structure at its initial design stage (Koren 2013) giving it excellent 
market potential. A lot of researchers from all over the world paid passion to it. 
Mehrabi et al. (2000, 2002) compared RMS with flexible manufacturing systems 
(FMS), predicted the prospects of RMS, discussed the enabling technology, and 
believed that RMS is the key to future manufacturing technologies. Spicer et al. 
(2002) discussed the design principle of RMS and comparatively analyzed the 
performance indices of balancing, equipment investment, and capacity scalability 
of production lines of different configurations. Abdi and Labib (2003) selected an 
optimal plan among feasible plans by applying the networking analysis method 
and considering the manufacturing system response. Yamada et  al. (2003) pro-
posed a production cell optimization method and a transportation robot local 
optimization method within RMS. Keeling et  al. (2007) measured the grouping 
efficiency of machine-part cell formation. Hasan et  al. (2014) used the service 
level index as an RMS performance assessment index; these indices are condu-
cive for obtaining better part families at the initial configuration stage.

Part family grouping is a group technology proposed before the concept of 
RMS. Choobineh (1988) proposed a process route similarity-based similarity 
coefficient derived from the Jaccard similarity coefficient. Vakharia and Wem-
merlov (1990) used the process route similarity coefficient to group part family 
and production cells during the design of cellular manufacturing systems, and 
they considered machine order and load, making research a step closer to real-
ity. Tam (1990) proposed a part family grouping method that combines a clus-
tering algorithm with process similarity-based similarity coefficients. Ho et  al. 
(1993) proposed the concept of a compatibility index and applied it to process 
route similarity. Balakrishnan and Jog (1995) tackled the shortcomings of most 
methods that are not able to solve large-scale problems. Seifoddini and Djassemi 
(1995) reported that the combination of similarity coefficient and production vol-
ume makes the method more flexible. Askin and Zhou (1998) proposed a LCS-
based manufacturing line cell design method, which considers machine order in 
the similarity coefficient.

As the RMS became popular, the research of part family grouping began to 
combine with RMS factors. Galan et  al. (2007) showed that the grouping effi-
ciency and accuracy of the part family is the key in improving RMS efficiency. 
They grouped a part family by combining AHP with consideration of the fac-
tors of modularization, versatility, compatibility, and reusability. Zhang and 
Qiu (2008) proposed a part family grouping method that considered similarity 
assessment indices such as part modularization, universality and compatibility. 
Ma et  al. (2011) also used part modularization, universality, compatibility, and 
reusability as similarity assessment indices to construct a similarity matrix for 
each index and grouped the part family through an improved AHP method. Gupta 
et al. (2012) proposed a three-stage part family grouping method. The first stage 
is to construct a process similarity coefficient matrix for the parts. The second 
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stage is to use principal component analysis to calculate characteristic values and 
eigenvectors of the similarity coefficient matrix, use scatterplots to identify the 
most correlated parts, and form the initial part family. The third stage is to use the 
agglomerative hierarchical K-means clustering algorithm to optimize the results 
of the second stage. Abdi (2012) comprehensively considered manufacturing 
factors such as part processing, part type, production volume, production cost, 
process demand, modularization, and reusability and used the network analysis 
method to group and optimize part families. Goyal et al. (2013a) based their anal-
ysis on the similarity coefficient method, considered idle machine and part bypass 
move factors, and used a hierarchical clustering algorithm to group part fami-
lies. Kashkoush and ElMaraghy (2014) proposed a part family formation method 
for reconfigurable assembly systems. A novel consensus tree-based method is 
applied to find the best aggregation for the three different hierarchical clustering 
trees. Ashraf and Hasan (2015) put forward a part family grouping method con-
sidering multiple production similarities, such as modularity, reusability and so 
on. Wang et al. (2016) improved the similarity coefficient of Goyal et al. (2013a) 
resulting in a higher discrimination. Khanna and Kumar (2017) used bond energy 
algorithm to recognize the operation groups of parts. Table  1 is a summary of 
existing method and the production factors considered.

3  Concept definition and problem analysis

3.1  LCS/SCS construction and IM/BPM analysis

LCS refers to the longest process route subsequence among the process routes that 
have the same process function and process order. SCS is constructed by adding 
non-LCS elements to the LCS in order. The construction of LCS and SCS have 
been done in the authors’ previous work (Wang et  al. 2016), as shown in Fig.  1. 

1 11 3 4 9 10 6 2

8 3 10 11 6 5 7
3 10 6

P1

P2

LCS12

1 11 3 4 9 10 6 2

8 3 10 11 6 5 7

1 11 8 3 4 9 10 11 6 2 5 7

 

P1

P2

SCS12

Fig. 1  Construction of LCS and SCS. Reproduced with permission from Wang et al. (2016)
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Idle machine (IM) means that a machine is not activated during machining process, 
bypass move (BPM) means that a part need bypass an idle machine during machin-
ing process. The analysis of IM and BPM have been done in the authors’ previous 
work (Wang et  al. 2016) as well, as shown in Fig. 2. IM and BPM are generated 
from the dissimilarity between parts, and the purpose of part family formation is 
grouping the similar parts together. So, it’s very important to avoid the happenings 
of IM and BPM when grouping parts into families.

3.2  Impact analysis of process time and capacity demand

In the process of part machining, each process operation corresponds to a specific 
process time (including setup time) to complete a specific number of the same part 
(capacity demand). Assuming that the similarity of the process route between two 
parts is very high, however, there is a difference in capacity demand, or the process 
times of these two parts are different at certain process operations. In this case, if 
these parts are placed into the same part family mistakenly, the system layout and 
operational efficiency of RMS will be greatly impacted.

System balancing is one of the most critical issues in operating efficiently any 
manufacturing system (Battaïa and Dolgui 2013). RMS is built aiming at increas-
ing the production efficiently, however, the difference of process time in common 
operations (LCS element) will cause the unbalancing problem of RMS and rebal-
ancing works needed increases reconfiguration efforts. For example, we have part 
3 and part 4 with same capacity demand, which the process routes are {1, 2, 3, 4} 
and {1, 2, 3, 5} respectively and the corresponding process time sequences are {1, 
2, 1, 1} and {1, 2, 2, 1} respectively. There are three common operations between 
part 3 and part 4, and the last common operation (operation 3) of part 3 and part 4 
have different process time. When producing these two parts successively, rebalanc-
ing works of RMS is needed to maintain the efficiency of RMS, as shown in Fig. 3. 
Obviously, when changeover from part 3 to part 4, a new machine with the function 
of operation 3 is added to rebalance the configuration of part 4, and when changeo-
ver from part 4 to part 3, one of the operation 3 machines is deleted to rebalance the 
configuration of part 3. Different process times reduce the similarity between part 
3 and part 4. Additionally, the process time difference of non-common operation is 

1 11 3 4 9 10 6 2

1 11 8 3 4 9 10 11 6 2 5 7

P1

SCS12

8 3 10 11 6 5 7P2

P2 P2

P1 P1

Fig. 2  IM and BPM of part 1 and part 2
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neglected here, because they are already different and more analysis about them are 
meaningless.

Duo to RMS is capable of providing exact capacity and function when producing 
a part within the part family, the difference of capacity demand will cause re-plan-
ning of scalability of RMS. The idea of scalability planning in Koren et al. (2017) 
study was adding as less as possible new machines to meet the new capacity demand 
with the task shift among stages. However, in the part family grouping period, it 
is impossible to decide how less new machine can meet the new capacity demand 
when the task shift situation is unclear. To simplify, we choose to add/delete a pro-
duction line to scale the capacity in the analysis of the changeable capacity demand. 
Similar example part 3 and part 4 with same process time, the capacity demand of 
part 3 is 1 and the capacity demand of part 4 is 2. The configuration of part 3 and 
part 4 according to the specific process operation and capacity demands is shown in 
Fig. 4. Obviously, the difference in capacity demands reduce the similarity between 
parts.

1
2

2
3 4

Configuration of part 3

1
2

2
5

3

3

Configuration of part 4

Circle time = 1

Circle time = 1

Rebalancing

Fig. 3  Rebalancing process of part 3 and part 4

Fig. 4  Re-planning scalability 
of part 3 and part 4

1 5

1 5

Configuration of part 3 

Configuration of part 4

Re-planning scalability

2

2

1 2 3 4

3

3
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Besides, if there are different process time and capacity demand in the same time 
between part 3 and part 4, that is, process time sequences are {1, 2, 1, 1} and {1, 2, 
2, 1} respectively and capacity demands are 1 and 2 respectively. Seen from Fig. 5, 
a conclusion can be drawn that the difference in capacity demands magnifies the 
difference in process time compared with Fig. 4, and vice versa. Above all, the part 
family grouping results will be affected by the differences in process time and capac-
ity demand. It is necessary to recognize these differences when grouping parts into 
family.

4  Part family grouping method

4.1  Construction double sequences of LCS/SCS and IM/BPM

The analysis in Sect.  3 noted the definitions and impact of idle machines, part 
bypass moves, process time and capacity demand on the part family grouping. In 
existing literature, researchers usually used figure “1” or “0” to express whether a 
machine is needed or nor when processing. This approach simplifies the relation 
description between part and machine and makes it possible to calculate the simi-
larity between parts. However, as analyzed above, this idea only considers pro-
cess functionality (machine) and process order (process routes), which overlooks 
the impact of process time and capacity demands. In order to remedy this draw-
back, the product of process time and capacity demand (process time × capacity 
demand) is used as the characteristic value (TD, where T means process time 
and D means capacity demand) of process operation. Similarly, the corresponding 

Fig. 5  Changeover when pro-
cess time and capacity demand 
are different at the same time

1 5

1 5

Configuration of part 3 

Configuration of part 4 

Changeover

2

2

2

2

1
2

2
3 4

3

3

3

3
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characteristic value sequence of LCS, SCS, IM, and BPM can be expressed as 
TDLCS, TDSCS, TDIM, and TDBPM respectively.

Using the same parts in Sect. 3 (part 1 and part 2) as the example, assuming 
the process time sequence of part 1 is  T1 = {1, 1, 1, 1, 1, 2, 1, 1}, its capacity 
demand is D1 = 1, the process time sequence of part 2 is  T2 = {1, 1, 1, 1, 1, 1, 1}, 
and its capacity demand is D2 = 2, as shown in Table 2. Therefore, the character-
istic value sequence of part 1 is  TD1 = T1 × D1 = {1, 1, 1, 1, 1, 2, 1, 1} × 1 = {1, 1, 
1, 1, 1, 2, 1, 1}; the characteristic value sequence of part 2 is  TD2 = T2 × D2 = {1, 
1, 1, 1, 1, 1, 1} × 2 = {2, 2, 2, 2, 2, 2, 2}. According to Sect. 2.2, the SCS and LCS 
of parts 1 and 2 is  LCS12 = {3, 10, 6},  SCS12 = {1, 11, 8, 3, 4, 9, 10, 11, 6, 2, 5, 
7}, respectively. Thus, the corresponding characteristic value sequences of LCS 
and SCS are  TDLCS1 = {1, 1, 1},  TDLCS2 = {2, 2, 2},  TDSCS1 = {1, 1, 2, 1, 1, 1, 
2, 2, 1, 1, 2, 2} and  TDSCS2 = {1, 1, 2, 2, 1, 1, 2, 2, 2, 1, 2, 2}, and the construc-
tion procedure is shown in Fig. 6.

The idle machines of part 1 are machine 8, 11, 5 and 7, that is  IM1 = {8, 11, 5, 
7}, and the corresponding characteristic value sequence is  TDIM1 = {2, 2, 2, 2}. 
The bypass moves of part 1 are machine 8 and 11, that is  BPM1 = {8, 11}, and 
the corresponding characteristic value sequence is  TQBPM1 = {2, 2}. The idle 

Table 2  Process time and 
capacity demand of part 1 and 2

Part no. 1 2

Process route {1, 11, 3, 4, 9, 10, 6, 2} {8, 3, 10, 11, 6, 5, 7}
Process time {1, 1, 1, 1, 1, 2, 1, 1} {1, 1, 1, 1, 1, 1, 1}
Capacity demand 1 2

1 11 3 4 9 10 6 2

8 3 10 11 6 5 7

3 10 6

P1

P2

1 1 1 1 1 2 1 1T1

1 1 1 1 1 1 1T2

1 D1

2 D2

× 

× 

1 1 1 1 1 2 1 1TDP1

2 2 2 2 2 2 2TDP2

1 11 8 3 4 9 10 11 6 2 5 7

1 2 11 1 2 1 1 1 2 2 1 1 2 2

2 2 21 1 2 2 1 1 2 2 2 1 2 2

TDSCS1

TDSCS2

SCS12

TDLCS1

TDLCS2

LCS12

Fig. 6  Construction procedure of TDLCS/TDSCS
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machines of part 2 are machine 1, 11, 4, 9 and 2, that is  IM2 = {1, 11, 4, 9, 2}, 
and the corresponding characteristic value sequence is  TDIM2 = {1, 1, 1, 1, 1}. 
The bypass moves of part 2 are machine 4, 9 and 2, that is  BPM2 = {4, 9, 2}, and 
the corresponding characteristic value sequence is  TDBPM2 = {1, 1, 1}. And the 
construction procedure is shown in the Fig. 7.

Based on above analysis, the process time and capacity demand of part are merged 
into process routes as characteristic value smoothly, which tell more detail informa-
tion about part machining affecting the relationship between parts. The calculation of 
TDLCS, TDIM and TDBPM between any two parts (part x and part y) is shown in fol-
lowing formulas, that is (1), (2), (3), (4), (5), (6).

(1)TDLCSx =

Nx∑
i=1

�i × TDxi,

{
�i = 1, when Pxi is LCS element

�i = 0, otherwise

(2)TDLCSy =

Ny∑
i=1

�i × TDyi,

{
�i = 1, when Pyi is LCS element

�i = 0, otherwise

(3)TDIMx =

Nx∑
i=1

TDyi − TDLCSy

1 1 2 1 1 1 2 2 1 1 2 2

1 1 2 2 1 1 2 2 2 1 2 2

TDSCS1

TDSCS2

2 2 2 2

1 1 1 1 1

1 11 8 3 4 9 10 11 6 2 5 7SCS12

8 3 10 11 6 5 7P2

1 11 3 4 9 10 6 2P1

2 2

1 1 1

TDIM1

TDBPM1

TDIM2

TDBPM2

Fig. 7  Construction process of TDIM/TDBPM
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where Nx is the length of process route of part x, Ny is the length of process route of 
part y, NSCSxy is the length of  SCSxy.

4.2  Similarity coefficient

The analysis of LCS, SCS, IM and BPM with characteristic value shows the rela-
tionship between parts from process function, process order, process time and 
capacity demand. The grouping of part family is a process of choosing the parts 
with high similarity to constitute a part family. The concept of IM and BPM are pro-
posed to eliminate the part from a part family with a high difference of process func-
tion and process order. In the same way, the characteristic value is added in the pro-
cess of part family grouping to eliminate the part with a high difference of process 
time and capacity demand, which will affect production efficiency of corresponding 
RMS analyzing in Sect. 2. Therefore, the proposed idea of part family grouping is 
closer to the realistic manufacturing conditions of RMS, and the result of part family 
grouping is more reasonable with high efficiency.

LCS consists of all the same elements from process routes of two parts consid-
ering process order, which implies the similarity between parts. The longer LCS 
between two parts is, the more similarity the parts are. SCS consists of all the ele-
ments from process routes of two parts and the duplicated elements (that is LCS) 
consider only once. Actually, the SCS is consist of LCS and IM, and BPM is part of 
IM. If the length of LCS is equal, the shorter SCS means less IM and BPM elements 
and higher similarity between corresponding parts. That is, the shorter SCS between 
two parts is, the more similarity the parts are. Here, a similarity coefficient of RMS 
part family grouping is established considering the impacts of process function, 

(4)TDIMy =

Ny∑
i=1

TDxi − TDLCSx

(5)

TDBPMx = TDIMx −

NSCSxy∑
i=1

�i × TDSCSxi,

where

{
�i = 1, when SCSxyi is consecutive start∕end element of part y

�i = 0, otherwise

(6)

TDBPMy = TDIMy −

NSCSxy∑
i=1

�i × TDSCSyi,

where

{
�i = 1, when SCSxyi is consecutive start∕end element of part x

�i = 0, otherwise
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process order, process time and capacity demand from LCS/SCS perspective, that is 
TDLCS, TDIM and TDBPM calculating from formula (1)–(6), as shown in formula 
(7).

where, TDSxy represents the similarity coefficient between parts x and y, 
0 ≤ TDSxy ≤ 1; (TDLCSx + TDLCSy) denotes the degree of similarity between parts 
x and y; (|TDLCSx − TDLCSy|) denotes the dissimilarity between part x and part y 
resulting from the differences of process time and capacity demand, the symbol “| 
|” means calculating the absolute value; (TDLCSx + TDLCSy -|TDLCSx − TDLCSy|) 
implies that the similarity of part x and part y will decrease if there is any difference 
of part x and part y in process time and capacity demand; (TDIMx + TDIMy) and 
(TDBPMx + TDBPMy) denote the impacts of IM and BPM from the perspective of 
characteristic value, respectively. The essence of the proposed method is the ratio of 
LCS and SCS considering the impact of process time and capacity demand.

4.3  Clustering algorithm

Based on the similarity coefficient in Sect. 4.2, the similarity matrix among parts 
could be solved. And then, a clustering algorithm is needed to complete the part 
family grouping. The proposed part family grouping method is based on the simi-
larity matrix, so it is suitable to use the similarity relations-based direct clustering 
algorithm, including the maximum tree algorithm and netting algorithm. Another 
popular clustering algorithm in the literatures is average linkage clustering (ALC) 
algorithm (Goyal et al. 2013a; Wang et al. 2016, etc.). Because the netting algorithm 
is more intuitive than the maximum tree algorithm and requires less computation 
than ALC, this paper employs the netting algorithm for clustering. The main steps of 
the netting algorithm are as follows.

(1) Matrix transformation. Transforming the similarity matrix into the lower trian-
gular matrix  Rα, where α is the similarity value between part families and α is 
determined by the experienced decision maker according to the facility condi-
tion.  Rα is shown in Eq. (8).

(7)

TDSxy =
(TDLCSx + TDLCSy) −

|||TDLCSx − TDLCSy
|||

(TDLCSx + TDLCSy) + (TDIMx + TDIMy) + (TDBPMx + TDBPMy)

(8)R
�
=

⎡
⎢⎢⎢⎢⎣

1

TQS21 1

TQS31 TQS32 ⋱

⋮ ⋮ 1

TQSn1 TQSn2 … TQSn(n−1) 1

⎤⎥⎥⎥⎥⎦
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(2) Replacing the ‘1’ in the main diagonal by the part number i (1, 2, …, n), as 
shown in Eq. (9).

(3) Determining the specific value of α and replace similarity matrix Rα elements 
greater than α with ‘*’. For example, if TQS21 > a, using “*” to replace TQS21 of 
Rα, as shown in Eq. (10).

(4) Using vertical and horizontal lines to connect the part numbers on the diagonal 
with ‘*’ symbol (netting) and the connected subjects are clustered as one type. In 
this case, part 1 and part 2 can be clustered as one family, as shown in Eq. (11).

5  Case study

Based on the authors’ previous work (Wang et al. 2016) considering idle machine 
and bypass move, this paper further takes into account one production factor—pro-
cess time in common operations and one characteristics of RMS—capacity demand 
of parts. And the netting algorithm is used to complete the grouping process for 
intuitive clustering and less computation. A case is studied in this section to show 
the implementation of proposed part family grouping method and validate the effec-
tiveness. In this case, because RMS is able to process every part of the family, parts 
are processed in first-come-first-processed principle. And the capacity demand of 
each part should be processed in a continuous processing.
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5.1  Implementation of the proposed method

The example parts of the authors’ previous work (Wang et al. 2016) is adopted to 
show the implementation of the proposed method, that is part 1 and 2 presenting in 
Sect. 3.1 according to Table 2, the process time sequences of part 1 and part 2 are 
 T1 = {1, 1, 1, 1, 1, 2, 1, 1} and  T2 = {1, 1, 1, 1, 1, 1, 1}, respectively. The capacity 
demands of part 1 and part 2 are D1 = 1 and D2 = 2, respectively. Here, we get the 
characteristics value sequences of part 1 and part 2, that is,  TD1 = {1, 1, 1, 1, 1, 2, 
1, 1} and  TD2 = {2, 2, 2, 2, 2, 2, 2}, respectively. After the analysis of idle machine 
and bypass move based on LCS and SCS, the TDLCS1, TDLCS2, TDIM1, TDIM2, 
TDBPM1 and TDBPM2 can be calculated according to formula (1)–(6) (TDLCS1 = 4, 
TDLCS2 = 6, TDIM1 = 8, TDIM2 = 5, TDBPM1 = 4 and TDBPM2 = 3). And then, the 
similarity of part 1 and part can be calculated according to formula (7) as shown in 
the following equation:

And the similarity matrix is obtained as shown in the following:

Finally, the grouping decision can be made according to the predetermined net-
ting algorithm parameter α by executing Eqs. (9)–(11). Assuming that the parameter 
α is set as 0.2, due to 0.286 > 0.2, that is TDS12 > α, part 1 and part 2 are grouped 
into a same part family according to netting algorithm principle, part family 1 = {1, 
2} as shown in the following:

The implementation process is shown in Fig. 8.

5.2  Validation of proposed method

Comparing to the similarity of part 1 and part 2 in Wang et  al. (2016), 
TDS12 = 0.267 < 0.30, which results from the differences of process time and 

TDS12 =
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|||
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capacity demand of part 1 and part 2. This result shows that proposed method can 
reflect the differences of process time and capacity demand among parts, which is 
necessary to a similarity method considering process time and capacity demand. 
Moreover, if similarity parameter α between part families is set as 0.290, the simi-
larity of proposed method is smaller than α, that is, the part family grouping result 
is two part families (part family 1 = {1}, part family 2 = {2}). However, the result 
of Wang et al. (2016)’s method still groups part 1 and part 2 into a same part fam-
ily, because their method has not the ability to recognize the differences between 
part 1 and part 2 in process time and capacity demand. Besides, let’s see the real 
situation when processing these two part. Seen from Fig. 9, excepting the different 
operations between part 1 and part 2, the differences of process time and capacity 
demand leads to one machine 3 and one machine 6 (LCS elements) added/deleted 

Fig. 8  Implementation of the proposed method
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when changeover between part 1 and part 2. Two machines added/deleted during 
reconfiguration is not small reconfigurable efforts. It is not an indispensable situa-
tion can be overlooked. And, it is the meaning of proposed method.

The above analysis concerns about the differences of process time in common 
operation. Here, another case is studied to investigate the impact of non-LCS opera-
tions with the differences of process time. Reset the process time sequences of part 
1 and part 2 as T′

1
 = {1, 1, 1, 1, 3, 2, 1, 1} and T′

2
 = {1, 1, 1, 1, 1, 1, 1}, respec-

tively. And remain the capacity demands of part 1 and part 2 unchanged (D1 = 1, 
D2 = 2). Calculate the similarity of part 1 and part with new process time sequences, 
TDS′

12
 = 0.235 < TDS12 = 0.267. There is more difference of process time between 

part 1 and part 2. So, the result ( TDS′
12

< TDS12 ) is correct and in line with the 
actual situation. The result shows that the proposed similarity coefficient is very sen-
sitive to any change of process time, which only one operation’s process time has 
been changed in this case. Also, the configuration of part 1 is different, as shown 
in Fig. 10. There are two more machine 9 needed to re-balance the manufacturing 
system when the process time of operation 9 increases from 1 to 3, which increases 
reconfigurable efforts.

As to capacity demand, resetting the capacity demand of part 1 and part 2 as 
D′

1
 = 1 and D′

2
 = 1 and remaining the process time sequences unchanged  (T1 = {1, 1, 

1, 1, 1, 2, 1, 1} and  T2 = {1, 1, 1, 1, 1, 1, 1}). Calculating the similarity of part 
1 and part with new capacity demand values, TDS′′

12
 = 0.286 > TDS12 = 0.267, but 

1 11 3 4

10

6 2
10

9

Configuration of part 1

8 3 10 11 6 5 7

8 3 10 11 6 5 7

Configuration of part 2 

Fig. 9  The configurations of part 1 and part 2

1 11 3 4

9
10

6 2
10

9

9Configuration of part 1

Fig. 10  The new configurations of part 1
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TDS′′
12

 < 0.30 (the similarity of part 1 and part 2 in of Wang et al. (2016)’s method). 
There is less difference of capacity demand (their capacity demands are equal) 
between part 1 and part 2. But, there is still difference in process time (the process 
times of operation 10 (LCS element) are different). So, the result ( TDS′′

12
 > TDS12 and 

TDS′′
12

 < 0.30) is correct as well. Also, the proposed similarity coefficient is very sen-
sitive to any change of capacity demand. The new configuration of part 2 is different 
too, as shown in Fig. 11. Compared with the configuration of part 1 in Fig. 9, there 
is only one common machine (machine 10) needed to add/delete when reconfiguring 
between part 1 and part 2 with new capacity demand. Thus, the result is in line with 
the actual situation. Moreover, less reconfigurable efforts are needed reconfiguring 
between part 1 and part 2 when the capacity demand of part 2 decreases from 2 to 1.

5.3  Computation comparation

In this part, the computation comparation between netting algorithm and ALC is 
conducted to show the advantage of netting algorithm in computation. The ALC has 
been adopted in many literatures (Goyal et al. 2013a, b; Wang et al. 2016, etc.), the 
process routes test case in these literatures is used to start the comparation, as show 
in Table 3. In the authors’ previous work (Wang et al. 2016), based on the similar-
ity matrix of test parts, the part family grouping result using ALC is obtained, that 
is, a tree diagram of clustering process covering all the possibilities of part families 
and a similarity among part families (similar to the α in netting algorithm) is chosen 
to select a specific part family group, as show in Fig. 12. In fact, the specific part 
family group including one or more part families is the basis of RMS construction. 

8 3 10 11 6 5 7

Configuration of part 2 

Fig. 11  The new configurations of part 2

Table 3  The process routes test 
case

Part no. Process route Part no. Process route

1 1, 4, 8, 9 11 6
2 1, 4, 7, 4, 8, 7 12 11, 7, 12
3 1, 2, 4, 7, 8, 9 13 11, 12
4 1, 4, 7, 9 14 11, 7, 10
5 1, 6, 10, 7, 9 15 1, 7, 11, 10, 11, 12
6 6, 10, 7, 8, 9 16 1, 7, 11, 10, 11, 12
7 6, 4, 8, 9 17 11, 7, 12
8 3, 5, 2, 6, 4, 8, 9 18 6, 7, 10
9 3, 5, 6, 4, 8, 9 19 12
10 4, 7, 4, 8
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So, one clustering result is needed when constructing RMS. But, the results of 
the ALC include all possible clustering results, which wastes a lot of computation 
energy. Unlike ALC, the netting algorithm decides the α before clustering and only 
one computation is executed to obtain the specific part family group. Based on the 
test case in Table 3, the process time and capacity demand are generated by random 
function, and the similarity matrix of the proposed similarity method is presented 
in Table  4. And then, the clustering process of the netting algorithm is executed 
according to the predetermined α = 0.5 and the result is shown in Fig. 13. The spe-
cific part family group is {1 3 4 7 8 9}, {2 10}, {5 6}, {11 18}, {12 13 17 19}, {14} 
and {15 16}. Above all, the netting algorithm has more computational efficiency 
than the ALC by getting rid of most unnecessary computation.

6  Conclusions

RMS can rapidly respond to market fluctuations by adjusting software and hard-
ware within a part family. Therefore, the part family grouping is important in the 
implementation of RMS. This paper analyzes the impact of process time and capac-
ity demand on the efficiency of RMS, and then a part family grouping method is 
proposed considering process time and capacity demand. The product of process 
time and capacity demand (process time × capacity demand) is used as characteristic 
value of part operation, based on which the characteristic value sequences of pro-
cess route, LCS, SCS, IM and BPM can be obtained, that is TDP, TDLCS, TDSCS, 
TDIM and TDBPM, respectively. The computational formulas of TDLCS, TDIM 
and TDBPM are presented. And the similarity coefficient is designed by combining 

12     17     13     19     15     16    14     18        4        1       3        2     10       7       8       9       5        6      11
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Fig. 12  The tree diagram and part family group selection



442 S. Huang, Y. Yan 

1 3

Ta
bl

e 
4 

 S
im

ila
rit

y 
m

at
rix

 o
f t

he
 p

ro
po

se
d 

m
et

ho
d 

w
ith

 c
on

si
de

ra
tio

n 
of

 p
ro

ce
ss

 ti
m

e 
an

d 
ca

pa
ci

ty
 d

em
an

d

Pa
rt 

no
.

1
2

3
4

5
6

7
8

9
10

11
12

13
14

15
16

17
18

19

1
1

2
0.

35
1

3
0.

67
0.

44
1

4
0.

40
0.

42
0.

50
1

5
0.

25
0.

19
0.

33
0.

32
1

6
0.

29
0.

19
0.

38
0.

32
0.

53
1

7
0.

55
0.

47
0.

43
0.

20
0.

21
0.

30
1

8
0.

40
0.

17
0.

42
0.

17
0.

18
0.

25
0.

50
1

9
0.

46
0.

17
0.

35
0.

29
0.

20
0.

27
0.

57
0.

55
1

10
0.

24
0.

67
0.

29
0.

36
0.

09
0.

31
0.

42
0.

14
0.

15
1

11
0.

00
0.

00
0.

00
0.

00
0.

29
0.

22
0.

29
0.

18
0.

22
0.

00
1

12
0.

00
0.

14
0.

18
0.

15
0.

18
0.

15
0.

00
0.

00
0.

00
0.

12
0.

00
1

13
0.

00
0.

00
0.

00
0.

00
0.

00
0.

00
0.

00
0.

00
0.

00
0.

00
0.

00
0.

57
1

14
0.

00
0.

11
0.

13
0.

22
0.

25
0.

13
0.

00
0.

00
0.

00
0.

18
0.

00
0.

36
0.

18
1

15
0.

13
0.

17
0.

22
0.

20
0.

19
0.

10
0.

00
0.

00
0.

00
0.

07
0.

00
0.

33
0.

36
0.

38
1

16
0.

15
0.

18
0.

25
0.

22
0.

24
0.

12
0.

00
0.

00
0.

00
0.

08
0.

00
0.

40
0.

44
0.

29
0.

86
1

17
0.

00
0.

14
0.

18
0.

15
0.

18
0.

15
0.

00
0.

00
0.

00
0.

12
0.

00
1.

00
0.

57
0.

40
0.

24
0.

31
1

18
0.

00
0.

14
0.

18
0.

15
0.

40
0.

33
0.

18
0.

13
0.

15
0.

12
0.

50
0.

25
0.

00
0.

40
0.

29
0.

36
0.

25
1

19
0.

00
0.

00
0.

00
0.

00
0.

00
0.

00
0.

00
0.

00
0.

00
0.

00
0.

00
0.

29
0.

57
0.

00
0.

17
0.

20
0.

29
0.

00
1



443

1 3

Part family grouping method for reconfigurable manufacturing…

TDLCS, TDIM and TDBPM together. Finally, the netting algorithm is used to 
group part into families based on the similarity matrix. The case study shows how to 
implement the proposed part family grouping method and validates the effectiveness 
of the proposed method, which the proposed similarity coefficient is sensitive to 
the changes of process time and capacity and is capable of grouping the parts with 
less difference on process time and capacity demand into the same part family. And 
the advantage of the netting algorithm is also given in the case study. However, the 
weights of idle machine, bypass move, process time and capacity are not discussed 
in this paper, which will be done in the future work.
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