
 

*Corresponding author: wlmh63@163.com 

1 INTRODUCTION 

As a new development of cell manufacturing mode, 
virtual cell production is an advanced production & 
manufacturing method which has gained increasingly 
attention in recent years. Virtual manufacturing cell is 
to cluster production tasks into task family according 
to similarity of production tasks, and to select neces-
sary equipment from alternative resource bank with 
due consideration of constraint condition for produc-
tion, thus to develop logically correlated virtual dy-
namic entities with no necessity to change physical 
layout of equipment. Virtual cell has overcome limita-
tion of traditional cell production, and it is able to 
respond the ever-changing market quickly, and has 
become an effective approach to realize production of 
multiple varieties in small batches. 

In actual production, there are often some random 
events (increase of tasks, lack of raw materials, and 
equipment fault, and so on) which have disturbed 
production order. “New task insertion” is applied spe-
cifically to study the impact of disturbance events on 
virtual cell scheduling. Virtual cell has resource and 
time sharing mechanism, and occasion that production 
tasks use a common resource within certain time pe-
riod simultaneously may occur within and between 
virtual cells. With established resources and capacity 
during specified time, there exists resource conflict in 
case existing resource fails to meet production demand 
when new task is inserted, and it is necessary to adjust 
scheduling dynamically to eliminate conflicts. 

Currently, resource conflict is detected mostly de-
pending on methods such as Petri Nets[2], Time Petri 
Nets[3] and Constraint Unsatisfiable[4], and eliminated 
depending on Reasoning[5], Constraint[6] and Collabo-
ration[7], and so on. These methods can only be ap-
plied to project management, concurrent engineering 
and multi-agent system, and so on. However, resource 
in virtual cells is no longer limited to a particular vir-

tual cell, and new task insertion has also increased 
complexity of conflict, and thus there is a certain lim-
itation for method above to be applied to virtual cell. 
Therefore, this article presents a resource conflict 
detection method based on Bayesian network, an un-
certain causal association model which is not only 
suitable to express complicated relation of attributes 
related with disturbance events, but also suitable to 
describe logic uncertainty between attribute polymor-
phism and attributes. Meanwhile, critical chain meth-
od is used to resolute resource conflict based on prior-
ity of virtue cell and priority of process, and this 
method takes full consideration of bottleneck re-
sources in production system to optimize configura-
tion of sharing resources between each task through 
critical chain coordination mechanism, thus to reduce 
adverse effect of disturbance factors on production. 

2 RESOURCE CONFLICT DETECTION OF 
VIRTUAL CELL BASED ON BAYESIAN 
NETWORK       

Bayesian network is a graph pattern used to describe 
dependency of data variables by directed acyclic graph, 
among which one node represents one attribute or 
variable and directed edge among nodes represents 
probabilistic dependency relationship[8] between at-
tributes or variables. Closely integrating probability 
theory and graph theory, it can not only reveal ques-
tion researched in an intuitive manner, but also shrink 
complexity of model expression and reasoning. 

There are three basic structures among nodes in 
Bayesian network, that is, Xi→Xj→Xk, Xi←Xj→Xk 
and Xi→Xj←Xk respectively. X= (ts, Mi, tf) represents 
parameter triple of nodes. Among which, ts represents 
start time, Mi represents used resources, and tf repre-
sents finish time. First, use Bayesian network to draw 
up original production scheduling according to the 
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sequence and parameter triple of nodes. Second, list 
out resource-sharing working set Mi= (Xi, Xj, Xk)
based on types of resources used by nodes in Bayesian 
network graph. With established resources and capac-
ity during specified time, delete resource-sharing 
working set in case of no resource conflict when ex-
isting resource meets production demand; while out-
put resource-sharing working set in case of resource 
conflict when existing resource fails to meet produc-
tion demand. 

Figure 1 indicates that resource conflict exists be-
tween virtual cell processes when new task is inserted. 
Within time interval [ts, tf], Xij and Xmn both need to 
use finite resource M, in which, Xij represents the jth 
task of virtual cell i, s

ij

t  represents start time for the 
jth task of virtual cell i, M represents resource used in 
the jth task of virtual cell i, and f

ij

t  represents finish 
time for the jth task of virtual cell i. Xmn represents the 
nth task of virtual cell m, s

mn

t  represents start time 
for the nth task of virtual cell m, and 

f

mn

t  represents 
finish time of the nth task of virtual cell m. In case that 

mi � , resource conflict exists within virtual cell; in 
case that mi � , resource conflict exists between 
virtual cells. 

Xij

tij
s M tij

f

Xmn

tmn
s M tmn

f

Figure1. Resource Conflict between Virtual Cell Processes 

3 RESOURCE CONFLICT RESOLUTION OF 
VIRTUAL CELL BASED ON CRITICAL 
CHAIN 

3.1 Determination of critical chain 

First, calculate the earliest start time 
, 1,2....,EST i I

i
�  and the earliest finish time 

, 1,2,...,EFT i I
i
�  for each task according to origi-

nal production scheduling; second, reversely calculate 
the latest start time , 1,2,...,LST i I

i
�  and the latest 

finish time , 1,2,...LFT i I
i
�  for each task. In case 

that EST LST
i i
� , i  belongs to working set in critical 

chain; otherwise i  does not belong to working set in 
critical chain. At last, output process set of critical 
chain. 

3.2 Strategy for conflict resolution within virtual cell 

based on priority 

a. Critical chain process and non-critical chain process: 
process on critical chain enjoys distribution priority of 
sharing resources.

b. Priority of other processes: take overall consider-
ation of impact of subsequent process number of con-
flict process as well as summation of delay time and 
continuous manufacturing time of conflict process on 
the whole cell. Formula (1) represents priority value of 
critical chain process; formulate (2) represents priority 
value of non-critical chain process. Whichever conflict 
process has the larger value has the deeper impact on 
the production scheduling, and the process enjoys 
distribution priority of sharing resources. 

� �
� �

� �
� �1

, ,1 1= +
2 ' , 2 ' ,

O i j T i j

E

O i j T i j

� � (1)

� �
� �

� �
� �1

, ,1 1 1= +
2 2 ' , 2 ' ,

O i j T i j

E

O i j T i j

� �
� �	 
	 


� �
        (2)

In which, � �,O i j  represents number of subse-
quent manufacturing process of conflict process; 
� �' ,O i j  represents total number for subsequent manu-

facturing process of the whole cell; � �,T i j  represents 
summation of delay time and continuous processing 
time of process; � �' ,T i j  represents total time for 
subsequent manufacturing process of the whole cell. 

3.3 Strategy for conflict resolution between virtual 

cells based on priority 

Specific to resolution of resource conflict between 
virtual cells, this article provides a measuring formula 
F=0.5 +0.5E1, which takes two factors into account: 
(1) priority  of virtual cell, in which = � �� , 
�  represents delay time due to resource constraint, 
�  represents cost allowance due to delay of virtual 
cell every hours; (2) priority E of conflict process in 
its own virtual cell. Whichever has the larger value of 
F has the higher integrated priority, and enjoys priority 
of resources. 

3.4 Buffer setting 

Root variance method is used in this article to set
buffer size, to calculate buffer value by quadratic sum 
radication of cut safety time of process, and this con-
cept also accords with superposition of undetermined 
time as is shown in formula (3) and formula (4): 

� �2

1

n

i i

i

PB D d

�

� �� , 1,2, ,i CC i n� � K        (3) 
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� �2

1

n

i i

i

FB D d

�

� �� , 1,2, ,i NCC i n� � K       (4) 

In which, 
i

D  represents conservative estimated 
time of process i ; 

i
d  represents the most probable 

estimated time of process i ; i CC�  represents that 
process i  is on the critical chain while i NCC�
represents that process i  is not on the critical chain. 

4  CASE ANALYSIS 

4.1 Case description 

Pipe manufacturing workshop is a significant produc-
tion department of shipbuilding enterprise. Labor hour 
of ship pipe accounts for 40%-45% of overall working 
quantity for shipping out, therefore pipe manufactur-
ing has a large impact on the whole production cycle 
of ship. Meanwhile, virtual cell production is appro-
priate for ship considering complexity, multiple vari-
ety, small batch and large quantity of its pipeline. 
Therefore, we will take operation of certain pipe man-
ufacturing team of one ship factory in Chinese main-
land as an example to verify effectiveness of proposed 
method in the following passage.

At present, there are two virtual cells, six pipe fit-
tings and twelve kinds of equipment in the manufac-
turing workshop. Original virtual cell I (VC1) includes 
parts families of P1, P2 and P3, and 1 M1, 2 M4, 1 M7, 1 

M8 and 1 M10 of equipment group; original virtual cell 
II (VC2) includes parts families of P4, P5 and P6, and 2 
M2, 2 M6, 1 M9, 1 M11 and 1 M12 of equipment group. 
Manufacturing quantities for the six pipe fittings are 
all of ten, with manufacturing route being M1 
(5.2)--M4 (6.8)--M7 (4.7) for P1; M1 (6.8)--M4 (8)--M8 
(6.3)--M10 (7) for P2; M4 (12)--M8 (8)--M10 (8.5) for P3;
M2 (43.4) --M6 (24.6)-- M9 (12)--M11 (12.6) for P4; M2 
(68.6)--M6 (30) -- M9 (13.2)--M11 (13.3) --M11 (18.5) 
for P5 and M2 (80) --M6 (32)--M9 (16.2)--M11 (13.8) for 
P6. Numbers in the bracket represent manufacturing 
time for a pipe fitting on corresponding equipment. 
Time unit in the following passage are of minute. 

During production, there are four urgent pipe fit-
tings (NP1, NP2, NP3, NP4) to be inserted in produc-
tion, with insertion time of 50, 300, 350 and 840min 
and manufacturing routes being M1 (5.5)--M4 (7)--M7 
(5)--M10 (4.5) for NP1, M2 (50) --M6 (26)-- M9 (12.5) 
for NP2; M3 (18) --M5 (16) -- M9 (10) --M11 (11.4) for 
NP3 and M3 (48) --M5 (25)--M10 (12.2)--M12(16) for 
NP4 respectively. According to method in reference [9]

used to measure similarity between new task and 
original production unit, insert new pipe fitting NP1
into VC1 and new pipe fitting NP2 into VC2, recon-
struct VC3 with new pipe fitting NP2 and NP3, and 
provide initial scheduling of the three virtual cells 
(NVC1, NVC2, NVC3) after new task insertion, which 
are shown in Table 1, Table 2 and Table 3 respective-
ly. 

Table 1. Initial Scheduling of New Virtual Cell I (NVC1) after New Task Insertion
Operation Workpiece/

process/equipment
Time period Operation Workpiece/

process/equipment
Time period

1 P1-1-M1 [0, 52] 2 P3-1-M4 [0, 120]
3 NP1-1-M1 [50, 105] 4 P2-1-M1 [52, 120]
5 P1-2-M4 [52, 120] 6 P1-3-M7 [120, 167]
7 NP1-2-M4 [120, 190] 8 P2-2-M4 [120, 200]
9 P3-2-M8 [120, 200] 10 NP1-3-M7 [190, 240]
11 P2-3-M8 [200, 263] 12 P3-3-M10 [200, 285]
13 NP1-4-M10 [240, 285] 14 P2-4-M10 [285, 355]

Table 2. Initial Scheduling of New Virtual Cell II (NVC2) after New Task Insertion
Operation Workpiece/

process/equipment
Time period Operation Work-

piece/process/equipment
Time period

1 P4-1-M2 [0, 434] 2 P6-1-M2 [0, 800]
3 NP2-1-M2 [300, 800] 4 P5-1-M2 [434, 1120]
5 P4-2-M6 [434, 680] 6 P4-3-M9 [680, 800]
7 P4-4-M11 [800, 926] 8 NP2-2-M6 [800, 1060]
9 P6-2-M6 [800, 1120] 10 NP2-3-M9 [1060, 1185]
11 P6-3-M9 [1120, 1282] 12 P5-2-M6 [1120, 1420]
13 P6-4-M11 [1282, 1420] 14 P5-3-M9 [1420, 1552]
15 P5-4-M11 [1552, 1685] 16 P5-5-M12 [1685, 1870]
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Based on the three scheduling tables of virtual cell, 
draw up Bayesian network graph, in which dash area 
represents each process for new pipe fitting, see Fig-
ure 2. As shown in Figure 2, there are six pairs of 
resource conflict processes, that is: (1) A103 and A104
belong to M1 conflict in NVC1; (2)A113 and A114 be-
long to M10 conflict in NVC1; (3) B203 and B204 belong 
to M2 conflict in NVC2; (4) B210 and B211 belong to M9
conflict in NVC2; (5) B206 and C303 belong to M9 con-
flict between NVC2 and NVC3; (6) B216 and C308 be-
long to M12 conflict between NVC2 and NVC3.

According to determination method of critical chain, 
following critical chains are obtained, that is, NVC1
critical chain of A102→A105→A107→A108→A111→A114

with PB=10; NVC1 non-critical chain of 
A101→A103→A104→A106→A109→A110 →A112→A113
with FB=12; NVC2 critical chain of 
B202→B203→B204→B212→B214→B215→B216 with 
PB=76; NVC2 non-critical chain of 
B201→B205→B206→B207→B208→B209→B210→B211→
B213 with FB=50; NVC3 critical chain of 
C301→C305→C306→C307→C308 with PB=0; and NVC3
non-critical chain of C302→C303→C304 with FB=11.

Meanwhile, following conclusions are obtained 
based on conflict resolution strategies (selecting cost 
allowance� as 3): (1) Process priority value of A103
and A104 are 0.1112 and 0.1218 respectively, that is, 
A104 enjoys priority; (2) A113 and A114 belong to 

Table 3. Initial Scheduling of New Virtual Cell III (NVC3) after New Task Insertion
Operation Workpiece/

process/equipment
Time period Opera-

tion
Workpiece/
process/equipment

Time period

1 NP3-1-M3 [350, 530] 2 NP3-2-M5 [530, 690]
3 NP3-3-M9 [6900, 790] 4 NP3-4-M10 [790, 904]
5 NP4-1-M3 [840, 1320] 6 NP4-2-M5 [1320, 1570]
7 NP4-3-M10 [1570, 1692] 8 NP4-4-M12 [1692, 1852]
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Figure 2. Bayesian Network Graph after New Task Insertion
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non-critical chain process and critical chain process, 
that is, A114 enjoys priority; (3) Process priority value 
of B203 and B204 are 0.185 and 0.4008 respectively, 
that is, B204 enjoys priority; (4) Process priority value 
of B210 and B211 are 0.0826 and 0.1141 respectively, 
that is, B211 enjoys priority; (5) Integrated priority 
value of B206 and C303 are 0.2514 and 0.3233 respec-
tively, that is, C303 enjoys priority; (6)Integrated prior-
ity value of B216 and C303 are 0.4176 and 0.445 respec-
tively, that is, C303 enjoys priority. Scheduling is re-
adjusted after conflict resolution, that is, final sched-
uling of NVC1 is shown in Table 4; final scheduling of 
NVC2 is shown in Table 5; while final scheduling of 
NVC3 is its initial scheduling. 

Through comparison of initial scheduling and final 
scheduling, it is obtained that master production plans 
are 2236 minutes and 2037 minutes respectively, that 
is, the latter is 199 minutes less than the former; 
meanwhile, total time used by the two plans on 12
equipment are 15047 minutes and 13827 minutes re-
spectively, that is, the latter is 1220 minutes less than 
the former, and thus has effectively improved produc-
tion efficiency, and has further verified feasibility and 
effectiveness of proposed method. 

5 CONCLUSION 

This paper mainly studies impact of new task insertion, 
the disturbance event, on scheduling of original virtual 
cell. New task insertion has disturbed production plan 
of original virtual cell, and resource conflict may oc-
cur in specific time period when production tasks need 
to use one restricted resource together. Therefore, this 
article finds out location of resource conflict based on 

Bayesian network, and adopts critical chain method to 
resolve resource conflict inside and between virtual 
cells in combination with priority method. Scheduling 
after dynamic adjustment not only enables orderly 
completion of new task and original task, but also 
improves production efficiency and shortens produc-
tion cycle greatly. 
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