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Abstract: The current Manufacturing Execution System (MES) has many weaknesses, such as poor generality, weak re-
configurability and difficult performance analysis. In order to solve these problems, a functional decomposition diagram
was designed based on the functional requirements of MES, and a general petri net model was also established. The com-
plexity and junction features of the model were analyzed based on Petri nets, and the network core layer and system reli-
ability were gotten after the model was transformed to the undirected network diagram. Finally, the best system scheme
for different selections was given based on the analysis of reliability.
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1. INTRODUCTION

With the application fields expansion of information
system, the scope and complexity of the system is in-
creased greatly. The system includes a large amount of
problems upon engineering, technology and efficient allo-
cation of resources. It is different to deal with the top de-
sign and make sufficient research, analysis and discussion
by virtue of experience. The MES manages the whole
manufacturing system according to the production plan,
material management strategy, quality standard, quality
inspection method and the cost accounting method estab-
lished by the management department. In addition, it su-
pervises and controls the various links in real-time, so as to
achieve the integrative, informationalized and transparent
effect on manufacturing process management. However,
the current MES has poor generality in the industry, but
also there is no convenient way to analyze the complexity
and feasibility during the early stage of MES development.
In order to solve these problems, a general MES model
should be established.

As a formalized description tool, Petri net [1-8] provides
formal modeling methods base on graphics and mathematics,
and it plays a key role in the process of modeling and per-
formance analysis of complex network system, so the Petri
model is estimated in this paper to solve the MES problems.

2. KEY FUNCTION OF MES

MES is a process oriented software management sys-
tems, and it plays key role in the three-layer enterprise
integration model and it connects the Enterprise Resource
Planning Systems (ERP) in the upper layer and the
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Process Control Systems (PCS) in the lower layer. Manu-
facturing Execution System Association (MESA) defines
functions of the MES function models as: a detail process
scheduling, resource allocation and state management, pro-
duction element allocation, process management, human
resource management, maintenance management, quality
management, document control, product tracking and prod-
uct inventory management, performance analysis and data
acquisition functions [5]. The MES core functions include
production scheduling management, product tracking, ma-
terial management, process quality management, product
storage and shipping and basic production data collection
and analysis.

3. THE PETRI NET MODEL OF MES

According to the above-mentioned functions and struc-
ture of MES, MES's overall business processes are as fol-
lows:

1) Make the corresponding plans according to the sales
plan, production process, manufacturing resources and the
production mode;

2) Manage the workshop materials according to the stor-
age management strategy, material management mode of
production, productive task, input and output information;

3) Develop appropriate online quality management
strategy based on quality standards and test methods;

4) Manage production costs based on hours of work,
production methods, basic statistics and cost accounting
methods;

5) Summarize the system data, including the production
statements, material statements, quality statements and pro-
duction cost statements;

6) Submit statistics and aggregated data, analyze pro-
duction status.
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3.1. System Interface Specification

MES external environment includes ERP, Supply Chain
Management (SCM), Product Data Management (PDM) and
PCS. According to the business process above, the interface
elements should include:

I;: Marking plan; I,: Data for each unit; I,: Production
process; Is: Manufacturing resource; Is: Mode of production;
I;: Finished goods inventory report; Is: Quality standards; Io:
Detection method; I;y: Cost accounting methods; I;;: Produc-
tion report; I;,: Material inventory report; I,3: Quality report;
I14: Production cost report; I;5: Plan reports; I;4: Plan change
notice; [;7: Device report

MES interface is described in Fig. (1).
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Fig. (1). MES interface description.

3.2. Definition of MES Function Module

Function is one of the basic elements of an information
system model. During the design process of information sys-
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tem, the system implementation objectives must be clear.
The objectives can be described with the function definition.
According to MES business flow diagram, the MES function
model can be defined as shown in Fig. (2).

Assumes that the leaf node of the system basic function
represents a set 75, According to the MES function models
from Fig. (2), Ts, can be described as follows:

T;‘ = {tSll’tSlZ’tSl3’tSZI’tS22’t523’t524’tS31’tS32’t

tS4l ’tS42’tS43’tS44l ’tS442’tS443’tS444’tS45’tSSI ’tS52’

tSSS ’ t554 > tS6 > tS71 > tS72 > tS73 > tS74 > tSSl 4 tS82 }

§33°

3.3. Internal Resource Constraints of MES

Information resources is mainly the data, information
carrier and related equipment for system operation. In order
to improve the utilization of information resources and to
facilitate the management and maintenance of information
resources, it is necessary to configure all kinds of informa-
tion resources in the system reasonably.

3.3.1. The Definition of Information Resource set Pg

Based on MES process, the main information resources
are as follows:

P;;: Operational plan; P,;: Production data statistics; P»;,:
Product login information;

P>3: Product offline information; P,s: Production data of
workshop;

P;3,: Flaw classification information; P;,: Flaw classifica-
tion list; P3;: Quality statistics;

P,;: Equipment information; P,;: Equipment information
card,

P, Equipment check application form; P,s: Equipment
check statements;

P, Equipment operating state information; P,s: Equip-
ment status report;

fus MES |
I
ts1 ‘ ts2 ‘ ts3 ‘ tsd ‘ ts5 |t 6 ‘dﬁ? Costtss
k : Equipment Material Basic || Product
Work gggﬂ}.lgé Quality . m ac}lagemem management || data || storage management
g g managemen = -
plan - ts41 ts51 1871 ts81
tsl1 Record Materials put Product put Cost
ts21 ts31 ’ Li il .
Product entering in storage in storage analysis
| |Preparation M || . Defect ts42 ts52 1572 ts82
of plan classification Equipment Materials get Product get Cost
check out storage out storage
ts12 ts32 ts53 1373
) s /
plan - monitoring inventory inventory
. Key ts33 ts54 ts74
ts13 information Quali tsd4 Material Inventory
acquisition repor Spare parts report Teport
L | Plan management
statement ts24 K
Production ‘ ts441  [ts442  |ts443 N tsd44
situation Put in - Check
storage‘ ‘ Receue‘ ‘RemrnH ‘hec
ts45

Fig. (2). Functional decomposition diagram of MES.
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P;;: Material management strategy; Ps,: Material inven-
tory information;

Ps;: The output material documents; Ps,: The warehouse
warrant and delivery order of material;

Ps;: Goods Receiving Note; Ps;: Spare parts acceptance
application form;

Pgs;: Information of spare parts being used; Pg;: Spare
parts inventory;

P4, The warrant and delivery order of spare parts store;

P;;: Warehouse warrant of finished products; P7,: Inven-
tory information of finished goods;

P;;5: Delivery order of finished goods; P;,: Product inven-
tory list;

Pg,;: Cost analysis and statistics.

Thereby we obtain the set of information resources Ps:
={PBys Py Py Py By Py Py P Py P Py P Py,

PPPPPPPPPPPPP P+

w0 Do By By By By B By B By By By By By B
1.,1.,0.,1.,1.1 ,1 ,1 1.1

{[l’ 22 4’ 5276277°782792710° 711271227132 7142 15’ 16’ 17}

3.3.2. The Definition of Resource Constraints set Py for Ts

The set of the constrained subset of the used resource by
each function model is called the system information re-
source constraint set [8], which is expressed by 7. Based on
the system model, we get the system information resource
constraint set Pr:

{ ts11° t\12’ 8\13’ Rle’ B&ZZ’ [;\23’ Ptv24’ F:SJ] > R\SZ’ 13333’ 6\41 >

PPPPPPPPPPP
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In the formula,
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3.4. Integration of Petri Net Model

6> 10’ 21’ 53’ Sl}’ 1582

Based on Petri net theory, in view of the MES system, a
basic concept model between the actual problem and the
system model is established. The model can be used to de-
scribe and analyze the MES system efficiently and quickly.

With the relevant theories of Petri net modeling, the Petri
nets model of MES can be established as showed in Fig. (3).
All the nodes elements in the graph are defined previously.

4. PERFORMANCE ANALYSIS OF MES SYSTEM
MODEL

4.1. Analysis of Model Complexity

The MES system complexity is the complex characteris-
tics in the elements, structure, status and process, etc. The
relationship between the elements and structure reflects the
static structure characteristics of the system, and the status
and process characteristics depict the dynamic behavior of
the system [7].

Setting the system complexity of the elements as C , the
correlation complexity of the system as C , structural com-
plexity as C,. Since the influence of C, and C, on the
structural complexity is different and the correlation coeffi-
cient between C and the system structural complexity is 4,
then [4]

C,=AC,+(1-)C, (1)

ts54 I12

Fig. (3). Petri nets model H; of MES.
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In the MES Petri net model, the node is the element of
the system, the influence of the node on system complexity
can be described as the ratio between the number of in-arcs
and out-arcs of the node and the total number of network
connections arcs, that is

1
Tl & ]

x eX )

|X | represents the number of elements in set X.

When we use Petri nets model to describe the MES, the
elements complexity C, is the function of location (Place)
and transition nodes number in Petri model, set C, as

n:l |P|__1+|T|__l (3)
2007 i

If|P|=m,|T|=n,then

C:l(m—l+n—1]:2mn—m—n )

20 m n 2mn

In Petri net, when any position node p, is the enter loca-

tion of two or more transition nodes t (jzl, 2, -~-,n),
as p, € ('t1 N, ﬂ~--), |P, > 1|, there is a conflict structure,

denoted as K, ={(p, {tl,tz,---}) . Conflict will cause the sys-

tem behavior uncertainties, that is, the resources competition
of the conflict structure makes it complicated to manage and
control the system resources. So it is necessary to analyze
the correlation complexity of the allocation, generation and
use of the resource.

Definition 1 '*! Set the correlation complexity of any
node p, in Petrinetas ¢, , then

b;

b+

)

c . =
pi

From Definition 1, the correlation complexity C, of loca-
tion set P can be derived as:

p;
.pi| N

Ll ] e
'p,-|+p,-'

(6)

P
|P| i=1 m-

p;

Similarly, the correlation complexity C, of transition set
in Petri net can be defined as

CT:_Z;:_

n

(7

J=1

J

Then the entire MES Petri net structure complexity C, can
be expressed as the average value of location set correlation
complexity and transition set correlation complexity, as

c =CP+CT

. 5 (®)
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From the Petri net model of MES system in Fig. (3) and
the above definitions, the Petri net structural complexity of
MES can be analyzed.

The number of elements in Place node set is |P| =m=28

The number of elements in Transition node set is |T|= n
=29

The set of directed arc in net is |F | =88

The number of the node set whose pre-set and post-set
are not empty is |X] =48

According to the above parameters and related defini-
tions, the value of C ,4,C,,C,,C,,Cg can be obtained
respectively as Table 1.

Table 1. Result of experiments and theory.
Parameter
Name Cn A‘ Cl’ CT Cr CY
Value 0.96 0.03 0.62 0.48 0.55 0.56

The structure correlation complexity of the Petri net is
mainly determined by C, , and the relationship between cor-
relation structural condition and C is shown in Table 2. By
the value of Cr in Table 1 and the criteria in Table 2, it is
easy to see that MES system is a correlation system with
certain complex structures.

Table2. The relationship between Petri net correlation struc-
tural and C,.

The Range of C, Correlation Complexity

1 Maximum
0 Minimum
0<C <12 Correlation structure simple
172 Correlation structure ideal
12<C <1 Correlation structure complex

4.2. Characteristics of the Model Node

The main influence factor of an information system is the
change of technology and demand environment. Therefore,
scalable functionality is the basic requirements of modern
enterprise information system. However, the function can’t
exist separately from the structure. So, we need to discuss
the relationship among the elements of the various compo-
nents of MES systems.

The influence of each node on the system can be ana-
lyzed and defined by the relationship between the node and
other nodes in the system. And the coupling strength is used
to measure the influence of each node at different locations
on the system performance. This feature needs to be obtained
by analyzing the relationship between one node and other
nodes. Coupling strength is defined as follows:



1354  The Open Cybernetics & Systemics Journal, 2015, Volume 9

Definition 2 ¥ Suppose x,€ PUT is any node on the
'xl.| #0A
node x, on the net, as

][R, 00
i s el B
v

net, x;

#0.d(x,) is the coupling strength of the

ax) =5 ©)

Among them, Myx; is the set of all mesh correlated with
the node x;; R,,(x;) is the maximum one among the sum of
x,'s pre-set and post-set and the set of other nodes related to
node x, in the largest mesh; [X] is the number of the node set
whose pre-set and post-set are not empty.

Not considering the elements of the interface, according
to the Petri net model on Fig. (3), the number of mesh M
in the figure is 13, illustrated in Fig. (4). Analyzing the
information resource set and feature set without interface
nodes in H;, we get coupling strength of each node d(x;)
and heavy weight node x; (Node’s coupling strength is
greater than the average of coupling strength) [6], as shown
in Fig. (5).

Fig. (5) shows the average coupling strength for each
node D; =0.08, so we get the set of these key function
nodes 7, and the set of these key resource nodes B, :

];c = {1521 4 t.722 2 ts23 2 t.v32 4 t.vSl 4 lsSZ 4 t.v53 4 t.v6 4 t.v72 ’ ts73 2 ts81 }

Bo=ik Py By By By By By By By By, By

Therefore, in the daily maintenance and adjustment proc-
ess, for the above key functions nodes and key resource
nodes we should try to avoid or reduce the appropriate modi-
fications to ensure the stability and reliability of the system
operation.

4.3. The Core Layer of Petri Net and Reliability Analysis

For any information system applied to manufacturing,
there must be one or more elements playing a decisive role
on the system structure and performance. Under normal cir-
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cumstances, we map the Petri net model of the MES systems
as two types of undirected network diagram with weighted
nodes and sides at the same time. According to the definition
in [2] literature, we can analyze the MES Petri core network
and the reliability of the system by solving the kernel and
kernel degree of directed network system in the MES Petri
network.

The transition node directed network graph D, and the
place node directed network graph D, of MES information
resource configuration model is shown in Fig. (6).

As shown in Fig. (6), the weighted kernel degree and
weighted kernel of the two weighted undirected net graphs
G, and G, corresponding with D, and D, are as follows:
WG )=1,6"(G)=({t,,,8 55t goligrl iy logyobigyslisislusa b

s1127s71° 75742 562 "s21° "523° "s81° "s51° 552

{tsl 1t571 > t57lts74 > ts6t521 > ts21tx23 ’ t523ts81 2 ZLsGtSSI ’ ZLSSIZLSSZ > t552ts81 })

hG)=1,6(G)=({B,,P,, Py, Py B By Py Py} (P Py,

1277227252722 721° 75127527753

PP .,PP,PP.PP PP}

117222725722>7227 21775175227 527 53

The weighted kernel and the weighted kernel degree of
MES are

h(H)=h(G)+h(G)=1+1=2

8 (H)=8'(G)US (G,)=({t,,.1,,.1

s112 75712 "s74° ts()’ ts21 > t523’ tsS] >

thl 2 t.752 ’ txgl 4 Rl 4 P72 4 P25 4 P22 4 F)Zl ’ PSI ’ P52 4 P53}’ {t.vl lt.v7l ’t.v7lts74 4
ts6t.v21 4 tletSZS 4 ts23ts81 4 tsétsS] > t.véts52 2 tSSltSSZ 4 t.v52ts81 > R]P72 2 PIIP72 4

PP .PP,PP PP}

25722°722721°751752° 752753

The core of the Petri net model described by 8°(H) is
showed in Fig. (7).

Fig. (7) is the more central network A, relative to Fig.
(3). In the process of model design and test implementation,
we should ensure the reachability and soundness of this level
network firstly, then we can design a reliable system more
efficient and fast.

I1 ts11 P11

=82 Ii4
—0

33 PM ts34 112

Fig. (4). Meshes in the Petri net model of MES.
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Fig. (6). Two types of directed network graphs of MES resource allocation model.
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Fig. (7). The core layer network model H2 of MES.
If we do further analysis to network H,, we can get the n :
3 9 * . . R )= R t K 5
‘core” of the core layer: H, =6 (H,), as shown in Fig. (8). L(0) /z::‘ /(0 J (15)

Its practical significance is the analysis reports about the
system output production when the system inputs basic data.

ts6

Fig. (8). The highest core network diagram H; of MES.
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The reliability of the system is one of the important indi-
cators of system. For the system composed with various
elements, the reliability of the system can be measured with
the reliability of the various elements. Set the reliability of
the system as R (¢), the reliability of the various elements as
R, (t),(i:l,2,~-~,n) , then the relationship between the series

system and the parallel system can be shown as follows:
R ()=TTx(0)
R (1)=1-TT (1-& ()

i=1

(10)

(1

For general redundant system, the two same devices par-
allel to form a unit, then the equipment reliability with dual
redundant can be obtained by (12):

R (1)=1-(1- R())(1- R()=2() - ()

Assume that the important degree of each network layer
node is /;, the important degree of the most basic network
node /; is 1, and the node important degree add 1 when the
network increases one layer, so I; =j, and the important de-
gree of all nodes I5 is

gzzg
J=

The reliability allocation ratio K; for each network layer

(12)

H -H
J Jj+l

(13)

is

Ij‘Hj —H,,
K =

; x100% (14)

N

According to the definition of core degrees, we can see
that each layer of network structure maintains its own con-
nectivity. The operation of one layer cannot be affected by
the fault of any another layers, so we assume that the reli-
ability of each network layer is R.(¢), and then the overall
reliability of the system is expressed approximately as

The reliability R (¢) of each network layer can be calcu-
lated depending on the situation by (10) and (11).

Assume that the reliability of 57 nodes running sepa-
rately in Fig. (4) are R (1) =98% (i=1,2,...,57), then the Petri
net model of MES can be decomposed into three network
layer: H; in Fig. (3), H, in Fig. (7) and H; in Fig. (8), the
corresponding important degree /; and reliability allocation
proportion K; as shown in Table 3.

According to calculation results in Table 3, we obtained
the system required equipment and corresponding reliability
comparison table based on four different redundancy
schemes, as showed in Table 4.

Table3. Important degree and reliability comparison of
three network layers.
Level H, H, H;
Hj|-| Hjl 40 10 7
I 1 2 3
K; 49.3% 24.7% 26.0%

From Table 4, we know that the system reliability order
of the four system redundancy schemes are @@@Q from
high to low. Considering the case of less equipment and high
reliability, our choice is Scheme @. In case of allowed
charges, we choose Scheme ).

As can be seen from reliability analysis process of the
system, the conclusive influence on the reliability of the sys-
tem is not only the reliability of each node, but also the im-
portance and reliability of each core level in the system. So,
before the system design, we should design a preliminary
system model according to the actual demand of function
and performance, then we should analyze and improve the
system core layer further to meet the requirements of reli-
ability and funds.

CONCLUSION

Based on the functional structure of MES, a Petri net
model is established according to the relationship between
the function nodes and the resource nodes, then the reliabil-
ity and complexity of the model was analyzed according to
reliability analysis theory and graph theory methods.
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Table4. Important degree and reliability comparison of three network layers.
Reliability Degree Added Value of Added Value of
Redundancy Scheme Device Number n Tability Deg Scheme Comparison | Equipment Number o "
Rs(%) Reliability (%)
(%)
(@ No node is redundant 57 0.03
@ All nodes are redundan 114 97.5 @:@® 100 50.4
® Nodes in H, are redun- 24 722 @O 29.8 11.4
dant ®:© 350 259
@:©® 12.3 4.9
Nodes in H. dun-
@ Nodes in H; are redun o4 68.0 @@ 438 302
dant
@:® -13.5 -5.8

From the analysis results, we can see that the MES sys-
tem model has certain complexity, and the MES Petri net
model can make a good description of the relationship be-
tween each functional component of MES, and it provides a
good model design basis for the early development of MES
software. For the reliability analysis, the main characteristics
of the model can be clearly presented by the network core
layer, but the core layer H, still has some limitation, and it
cannot reflect the characteristics of the core layer from the
best angle. So, in the future study, we need to improve H.,
deeply to maximize the response model characteristics and
increase the model reliability further.

CONFLICT OF INTEREST

The authors confirm that this article content has no con-
flict of interest.

ACKNOWLEDGEMENTS
Declared none.

REFERENCES

[1] X. G.Li, C. B. Li, F. Liu, and L. L. Li, “Modeling and quantifica-
tion methods for carbon emission in machine tools manufacturing

processes based on Petri nets,” Computer Integrated Manufactur-
ing Systems, vol. 18, no. 12, pp. 2723-2735, 2012.

[2] J. Wang, “Analysis of hierarchy structure in information system
based on the Petri Nets,” Computer Engineering and Applications,
no. 4, pp. 89-91, 2002.

[3] G. Zhang, J. Liu, H. Ge, and H. Zhang, “Modeling for assemb-ly
reliability based on generalized stochastic Petri Nets,” Computer
Integrated Manufacturing Systems, vol. 18, no. 3, pp. 507-512.
2012.

[4] J. Wang, and R. Gan, “Information system modeling based on Petri
Nets,” Chinese Journal of Management Science, vol. 8, no. 2, pp.
20-27,2000.

[5] Q. Wang, Service-Oriented Manufacturing Execution System The-
ory and Application, Zhejiang University Press, Hangzhou, 2012.

[6] M. J. Rabbani, F. M. Ahmad, J. Baladi, Y. A. Khan, and R. A.
Naqvi, “Modeling and simulation approach for an industrial manu-
facturing execution system,” IEEE 3rd International Conference on
System Engineering and Technology (ICSET 2013), no. 8, pp. 26-
31,2013.

[7] O. Djamila, and P. Sanja, “A survey of dynamic scheduling in
manufacturing systems,” Intelligent Systems Design and Applica-
tions, vol. 12, no. 8, pp. 417-431, 2009.

[8] C. Cao, N. Wang, and Y. Wang, “On UML and Petri Net based
modeling of integratable manufacturing executing system,” Me-
chanical Science and Technology, vol. 23, no. 9, pp. 1093-1102,
2004.

Received: June 10, 2015

© Taiping and Peisi; Licensee Bentham Open.

Revised: July 29, 2015

Accepted: August 15,2015

This is an open access article licensed under the terms of the Creative Commons Attribution Non-Commercial License (http://creativecommons.org/-

licenses/by-nc/3.0/) which permits unrestricted, non-commercial use, distribution and reproduction in any medium, provided the work is properly cited.



