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Abstract. To identify the bottleneck unit of discrete manufacturing 

system dynamically, an intelligent detection method of bottleneck 

(IDMOB) is proposed by combining object-oriented colored Petri nets 

(OOCPN) and cloud simulation. With the proposed method, the production 

cells of manufacturing system are abstracted as several Petri net sub-

modules. And the messages are passed through mapping functions and 

message passing gates among Petri net modules. Then, the cloud 

simulation is created to simulate the real processing, and the production 

data and capacity function are plugged into the cloud to detect the 

bottleneck unit intelligently. Finally, the effectiveness of IDMOB method 

is applied and validated in a practical case study from the power 

transformer industry. 

Keywords: Intelligent detection method of bottleneck, Object-oriented 

colored petri nets, Cloud simulation, Discrete manufacturing system. 

1 Introduction 

With the rapid development of mobile internet, especially affected by COVID-19, 

people’s consumption habits have changed dramatically. Mass-produced products are being 

replaced by customized, personalized, or digital products [1]. And some key technologies 

such as the cyber physical systems (CPS), internet of things (IoT), cloud computing, and 

big data analytics (BDA) are utilized to address the dynamics and fluctuations of the global 

market [2]. In addition, lean management methods have been used to increase the 

productivity in value-added processes and to optimize the organization [3]. 

It is well-known that the productivity of a production system is constrained by the 

bottlenecks. As a result, it is crucial to detect the bottleneck unit to maximize the benefit of 

the system [4]. Many recent studies have been carried out on this topic. Mukund 

Subramaniyan has proposed an active period based data-driven algorithm to predict 

throughput bottlenecks in the production system [5]. A number of research efforts focussed 

on identifying the bottleneck position with algorithms, such as simulated annealing 

                                                 
* Corresponding author: 863631723@qq.com 

© The Authors, published by EDP Sciences. This is an open access article distributed under the terms of the Creative Commons 
Attribution License 4.0 (http://creativecommons.org/licenses/by/4.0/).

ITM Web of Conferences 45, 01015 (2022)
CSCNS2021

https://doi.org/10.1051/itmconf/20224501015



algorithm, deep neural network, long-short term memory (LSTM) neural network, and 

heuristic algorithm [6-9]. Unfortunately, these approaches are difficult to realize data 

sharing with complex modelling and computation. 

As a powerful tool in cloud computing [10], cloud simulation provides a new idea for 

the upgrading of manufacturing and plays an essential role in Industrial 4.0. Thus, a method 

for bottleneck detection in real-time is proposed to shorten the production cycle time and 

increase the system capacity combined with OOCPN and cloud simulation.  

2 Methodology 

2.1 Conception 

Intelligent detection method of bottleneck (called IDMOB) is a new detecting approach, 

which combines object-oriented colored petri nets and cloud simulation to abstract the 

production units as cloud places, and plug the places into the cloud simulation. 

Alternatively, the processing data and capacity function are saved in the cloud server to 

detect the bottleneck units intelligently by running the model.  

2.2 Definition 

Intelligent detection process of bottleneck can be defined as shown below [11]: 

 , ; , , , , i j i i i i iOOCPN P T IM OM I O C
                         (1) 

where Pi is a place set, 
 1 2, , , , 0 i mP p p p m

; Tj is a transition set, 

 1 2, , , , 0 j nT T T T n
; P T , =P T . IMi is a message input place set; OMi is a 

message output place set; Ii is the input mapping function from P to T: ( ) ( )C P C T N   

(natural number), 
 i iP P IM

,
 jT T

, ( , )I P T is an incidence matrix; Oi is the output 

mapping function from P to T: ( ) ( )C T C P N  (natural number), 
 i iP P OM

, 
 jT T

, 
( , )O P T  is an incidence matrix; Ci is a colored set of places. 

2.3 Process 

IDMOB method is an intelligent detection for bottleneck units with OOCPN and cloud 

simulation in discrete manufacturing system. The process of IDMOB is presented as Fig. 1 

shows. 

2.4 Abstract model construction 

Production processes can be abstracted as a number of closed Petri net modules with 

OOCPN, and IMi is the input from the previous process, OMi is the output, Pi is the place 

(manufacturing place), Tk is the transition. Then the abstract model is established as shown 

in Fig. 2. The specific operations of each production units are encapsulated in a rounded 

rectangular box. Furthermore, the modules communicate with each other through input/ 

output mapping function and message gate to achieve messages passing. And the message 

gate is a special transition between two modules, which represents the “event”. 
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Fig. 1. Bottleneck detecting process based on IDMOB. 
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Fig. 2. Abstract model of IDMOB with OOCPN. 

2.5 Performance evaluation 

2.5.1 Deadlock analysis 

According to the invariant theory, deadlocks can be detected by constructing object 

communication net among different categories [12]. Assuming every transitions and gates 

of Petri net modules can be fired through initial marking, there is no deadlock in the 

modules. Similarly, if all modules can be fired, there is no deadlock in the system. 
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2.5.2 Conflict analysis 

There are two types of conflicts: input conflict and output conflict. 

(1) Input conflict: It will emerge when more than one transition share the same input 

place or one transition has more than one input place, and they are connected to the 

transition with “or” relationship (Fig.3). In the actual production system, input conflict will 

take place when several production schedules require one machine to process at the same 

time. 
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Gate 
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Directed 

Arc
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Fig. 3. Petri nets with input conflict. 
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Fig. 4. Petri nets with output conflict. 

(2) Output conflict: It will take place when one transition has more than one output 

places, and these places are connected to the transition with “or” relationship (Fig.4). In a 

manufacturing system, when the current procedure is accomplished, multiple machines are 

available for the next process, output conflict will occur. 

2.5.3 Conservation analysis 

According to the invariant theory, if there is an invariant P which is n×1 non-negative 

integer vector x, so that 0 Tx C  (C is an incidence matrix), thus the OOCPN is strictly 

constrained [13]. Therefore, the OOCPN of system is conservative and bounded, and the 

system is safe without overflow. 

0 Tx C                                                               (2) 

2.6 Function model establishment 

In manufacturing enterprises, capacity is calculated based on each processing procedure or 

production unit [14]. The formula of production capacity is stated as follows: 


 eS F

M
t

                                                               (3) 

1

1




 
k

i i

i

t t
k

                                                                (4) 

Where M is capacity of a production unit within the planning period, S are machines of one 

production unit, Fe is the effective processing time of one machine, t are machine hours for 
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one product, ti are machine hours for ith product, θi is the ratio of ith product in the planned 

volume, and k are varieties of the factory. 

Moreover, the effective processing time of one machine is described in formula (5). 

(1 ) 8 (1 )     eF p
                  (5) 

where p is the proportion of downtime (including machine general check, maintenance, 

etc.), η is the allowance (including shift time, stretch time, etc.), μ are shifts per day, 

and  1, 2, 3 . 

Based on formula (3), (4) and (5),the objective function of capacity is expressed in 

formula (6).  
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2.7 Cloud simulation and bottleneck detection 

Cloud computing refers to the technology that makes cloud work. It lets you ‘plug into' 

infrastructure via the internet, and use computing resources without installing and 

maintaining them on-premises [15]. For this reason, the production data, capacity function 

and simulation model can be stored in the cloud saver to detect the bottleneck units. 

 

Fig.5. Operation process of cloud simulation. 

3 Experiments 

3.1 Case description 

Z plant is the third power transformer production site, which is established in China by a 

Fortune 500 company. Its operation data is saved in the group cloud server, and can be 

5

ITM Web of Conferences 45, 01015 (2022)
CSCNS2021

https://doi.org/10.1051/itmconf/20224501015



shared globally. As Z plant has received some orders from the State Grid, its actual demand 

increased from 12800MVA to 15360MVA per year. As a result, it is urgent to detect the 

bottleneck in order to improve the production capacity. 
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Fig.6. Process flow of transformer. 

Firstly, the process flow of transformer is drawn as Fig.6 shows: 

Secondly, the man-hour quota can be calculated by cloud computing and time study. 

Table 1. Man-hour Quota of each process. 

No. Process name Machine (Sets) Quota (Hours/sets) Remark 

1 Vertical winding 6 255.59   

2 Coil welding 1 31.95   

3 Horizontal winding 3 95.85   

4 Coil assembly — — No machine 

5 Drying 1 54.90   

6 Coil inspection — — No machine 

7 Core cutting 2 56.80   

8 Core stacking 2 59.64   

9 Cleat & leads assembly 1 28.40   

10 Active parts assembly 3 117.86   

11 VPD 1 26.51   

12 Final assembly 1 32.19   

13 Test 1 25.56   

14 Packing — — No machine 

3.2 Definition of transformer production with OOCPN 

According to the definition of OOCPN, the transformer manufacturing system is expressed 

as shown below: 

 - , ; , , , , i j i i i i iOOCPN T P T IM OM I O C                   (7) 
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where Pi is a place set,  1,2, ,15i ; Tj is a transition set,  1,2, ,12j ; IMi is a 

message input place set; OMi is a message output place set; Ii is the input mapping function 

from P to T; Oi is the output mapping function from P to T; Ci is a colored set of places. 

3.3 Abstract model of transformer production with OOCPN 

By using IDMOB method, 14 processes of transformer manufacturing can be abstracted 

with P1 ~ P14, and a buffer P15 is established to deal with the production scheduling of oven. 

Then, according to the real process of transformer, the abstract model of transformer 

manufacturing system is constructed with the 15 modules.  
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Fig.7. Abstract model of transformer production with OOCPN. 

Next, meanings of places and transitions are described as Table 2 shows. 

3.4 Performance evaluation for abstract model of transformer 

3.4.1 Deadlock analysis for abstract model of transformer 

In order to facilitate analysis and research, the incidence matrix of the abstract model can 

be stated as Table 3 shows. 

Here, transition T1 of winding process is taken as an example, the incidence matrix 

between place and transition is expressed as follows: 

15 12[ ]ijC c 
                                                            (8) 

where ij ij ijc c c   ,  1,2, ,15i ,  1,2, ,12j  
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0 otherwise
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Therefore, the incidence matrix of T1 is described as follows: 
-1 0 0 0 0 0 0 0 0 0 0 -1

1 -1 0 0 0 0 0 0 0 0 0 0

0 1 -1 0 0 0 0 0 0 0 0 0

0 0 1 -1 0 0 0 0 0 0 0 0

0 0 0 1 -1 0 0 0 0 0 0 0

0 0 0 0 1 -1 0 0 0 0 0 0

0 0 0 0 0 0 -1 0 0 0 0 0

0 0 0 0 0 0 1 -1 0 0 0 0

0 0 0 0 0 0 0 -1 -1 0 0 0

0 0 0 0 0 1 0 1 -1 0 0 0

0 0 0 0 0 0 0 0 1 -1 0 0

0 0 0 0 0 0 0 0 0 1 -1 -1

0 0 0 0 0 0 0 0 0 0 1 -1

-1 0 0 0 0 0 0 0 0 0 0 1

0 0 0 0 0 1 0 -1 0 0 0 0

C 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
    

According to the formula (2), 0

T Tx m x m
(x is the vector of 1n , m0 is the initial 

marking, all m is reachable by m0), and 
( )im P

are tokens of iP
.Consequently, 1( ) 1m P 

, 

1 2 14 1 2 14 14( ) ( ) ( ) ( ) ( ) ( ) ( ) 0( )       m P m P m P m IM m OM m IM m OM X
. Therefore, T1 

can be fired. 

Similarly, other transitions of abstract model can be fired under the initial marking m0, 

so there is no deadlock in the abstract model of transformer production. 

3.4.2 Conflict analysis for abstract model of transformer 

As can be seen from Fig.7, transition T12 has more than one output places, and these places 

are connected to the transition with “or” relationship, so output conflicts will take place at 

T12. In this case, the “fewest number of remaining operations” should be available to give 

priority to P12, which should be sent back to the final assembly area to repair. 

3.4.3 Conservation analysis for abstract model of transformer 

Assuming 0 Tx C , then by solving the equation,  1 1 1 1 1 6 1 2 1 1 1 2Tx  . 

Therefore, there are non-zero positive vectors that make the equation 0 Tx C  is true. 

As can be seen, the abstract model of transformer is strictly constrained without overflow. 

3.5 Cloud Simulation and analysis for transformer production 

3.5.1 Initial cloud simulation establishment 

Hardware: 10th generation Intel i5-9500, 4GB (DDR4/2666), 1TB (SATA), integrated 

graphics card. Software: Plant simulation; Cloud server: Huawei cloud. 
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Table 2. Meanings of places and transitions. 

Colored 

set 
Meanings 

Plac

es 
Meanings 

Transiti

ons 
Meanings 

C1 
Vertical 

winding 
P1 Vertical winding T1 

High/medium/low voltage coil winding 

is accomplished 

C2 Coil welding P2 
Welding for high 

voltage coil 
T2 

Welding for high voltage coil is 

finished 

C3 
Horizontal 

winding 
P3 Horizontal winding T3 

Medium voltage Ⅱ coil winding is 

accomplished 

C4 Coil assembly P4 Size adjustment T4 Get ready to dry with oven 

C5 Drying P5 Drying with oven T5 
Coils are dried and prepare for 

assembly 

C6 Coil inspection P6 Coil inspection T6 

Coils are checked and ready to be 

transported to the active parts assembly 

area  

C7 Core cutting P7 Core cutting T7 
Core sheets are moved to stacking area 

by forklift  

C8 Core stacking S Core stacking T8 
Preparations for active parts assembly 

are finished 

C9 
Cleat & leads 

assembly 
P9 

Cleat & leads 

assembly 
T9 Active part is ready to dry 

C10 
Active parts 

assembly 
P10 

Active parts 

assembly 
T10 

Active part is out of Oven, and ready 

for final assembly 

C11 VPD P11 VPD T11 
Final assembly is finished, prepare for 

test 

C12 Final assembly P12 Final assembly 

T12 

If the transformer passes the test, it 

shall be packaged and delivered, 

otherwise, it shall be sent back to 

reassembly or rewinding 

C13 Test P13 Performance test 

C14 Packing P14 Packing  

C15 Buffer P15 Buffer for drying 

Table 3. Matrix for abstract model of transformer. 

C T1 T2 T3 T4 T5 T6 T7 T8 T9 T10 T11 T12 m0 

P1 -1 0 0 0 0 0 0 0 0 0 0 -1 1 

P2 1 -1 0 0 0 0 0 0 0 0 0 0 0 

P3 0 1 -1 0 0 0 0 0 0 0 0 0 1 

P4 0 0 1 -1 0 0 0 0 0 0 0 0 0 

P5 0 0 0 1 -1 0 0 0 0 0 0 0 0 

P6 0 0 0 0 1 -1 0 0 0 0 0 0 0 

P7 0 0 0 0 0 0 -1 0 0 0 0 0 1 

P8 0 0 0 0 0 0 1 -1 0 0 0 0 0 

P9 0 0 0 0 0 0 0 -1 0 0 0 0 1 

P10 0 0 0 0 0 1 0 1 -1 0 0 0 0 

P11 0 0 0 0 0 0 0 0 1 -1 0 0 0 

P12 0 0 0 0 0 0 0 0 0 1 -1 -1 0 

P13 0 0 0 0 0 0 0 0 0 0 1 -1 0 

P14 -1 0 0 0 0 0 0 0 0 0 0 1 0 

P15 0 0 0 0 0 1 0 -1 0 0 0 0 1 

By using the cloud simulation tools, the initial cloud simulation is designed to simulate 

the transformer manufacturing system. 
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Fig. 8. Initial cloud simulation of transformer production system. 

Then, the parameters of cloud simulation should be modified with cloud big data and 

practical time study, such as 2 shifts per day, 8 hours per shift, and 13.8% downtime. 

3.5.2 Cloud simulation running and result output 

All actual production data are plugged into the cloud simulation model to get the capacity 

of each processing unit by cloud computing and simulation running. 

Table 4. Capacity of each process. 

No. Process name Capacity1（sets/d） Capacity2（sets/a） Capacity3（MVA /a） 

1 Vertical winding 0.2752 68.80 16512 

2 Coil welding 0.3669 91.73 22015 

3 Horizontal winding 0.3669 91.73 22015 

4 Coil assembly — — — 

5 Drying 0.2135 53.38 12811 

6 Coil inspection — — — 

7 Core cutting 0.4128 103.20 24768 

8 Core stacking 0.3932 98.29 23590 

9 Cleat & leads assembly 0.4128 103.20 24768 

10 Active parts assembly 0.2984 74.60 17904 

11 VPD 0.4423 110.57 26537 

12 Final assembly 0.3642 91.06 21854 

13 Test 0.4587 114.67 27521 

14 Delivery — — — 
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From Table 4, it can be seen that the coil drying process is the bottleneck unit of the 

system. To validate the result, the coil drying process is calculated with formula (6): 

5

1 1-13 8%) 8 2 (1 15%)
( ) =0.2135 /

54.90

( .    
dM P sets d

 

5( ) 0.2135 250 240 12811 / a   yM P MVA
 

This suggests that the cloud simulation running result is available. 

3.5.3 Cloud simulation Improvement 

According to the actual working experience, it is suggested that the coil drying process 

should be 3 shifts per day, and the cloud simulation need to be improved as Fig. 9 shows: 

 

Fig. 9. Improved cloud simulation of transformer production system. 

Through running the improved cloud simulation, it can be seen that the capacity of 

drying process has been improved, and the bottleneck shifts from drying process to vertical 

winding. However, the capacity of vertical winding process is 16512MVA per year, which 

is more than the orders. 

Table 5. Evaluation of improvement. 

No. Items Before After Effect 

1 Production capacity（MVA /a） 12811 16512 28.89% 

2 Increased profits（Million CNY/a） — — 17.35 
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4 Conclusion 

In this paper, an intelligent detection method of bottleneck based on object-oriented colored 

Petri nets and cloud simulation is proposed to improve throughput for discrete 

manufacturing system. Firstly, the processing units are abstracted as Petri net modules. 

Then, the cloud simulation is created to simulate the actual production system. Moreover, 

the practical data and capacity function are plugged into the cloud to detect the bottleneck 

unit intelligently. Finally, the effectiveness and availability of the IDMOB method are 

validated by the empirical research. In the future, we are going to add the artificial neural 

network algorithm into the simulation model to improve the intelligence of detection.  
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