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Abstract: In this paper, a mixed-model assembly system is modeled) USiiP’N (agent oriented timed Petri net) based on assembly
resources classification. Firstly, the basic concepts afidition of ATPN is described. Secondly, with ATPN methottaduced into
mixed-model system research the modeling of a mixed-masrably system is discussed. The development of an ATPNIrfarde

a MMAS consists of four phases: (1) agent-oriented assemaBlyurces classification of MMAS, (2) development of urse¢ ATPN
model of each kind of assembly resource, (3) constructionixéd-model assembly cell centering about assembly ravdtsmans, (4)
construction of the MMAS model based on mixed-model assgicdl after analyzing the system requirements. Thirdlystydying

the transforming from AUML (agent Unified Modeling Languageodel towards ATPN-based model and its simplification tle K-
based interactive protocol model is constructed for a mixedel assembly system. Meanwhile, based on ATPN the pesgioce
indicators of mixed-model assembly System are analyzedlllyj an illustrative example of a MMAS in certain entegardemonstrates
the steps and effectiveness of this approach.

Keywords: Agent oriented timed Petri net, Mixed-model assembly systdodeling

1 Introduction manufacturing system (AMS). Kuo et aB][presented a

) resource-oriented distributed colored timed Petri net
Nowadays manufacturers need to quickly respond to th@ bTCPN) modeling method to describe the controlled IC
variable demands of the customers owing to fierceyy, system. Ben g presented an enhanced expert
competitive market. Mixed-model assembly systempign-level colored fuzzy Petri net model for assembly
(MMAS) = belongs to a kind of mixed-model gsystem, making the modeling, planning and operation of
manufacturing systems which is cost-effective because ogssemmy system intelligent in some manners. Yu et al.
its better ability to absorb frequent changes in product[lo] applied the knowledge-based Timed Colored
demands than other conventional manufacturing system@pjected-oriented Petri net (TCOPN) to model
[1,2.MMAS is a highly complex concurrent system, reconfigurable assembly systems. Chi][analyzed the
composed of logistics system and information system.mogeling requirements of reconfigurable manufacturing
The method of MMAS modeling, which can reveal the system and proposed a modeling methodology based on
stochastic dynamic process essentially of MMAS andiimed reconfigurable Petri nets. Zha et a2][proposed a
make the structure of MMAS reconfigurable, intelligent -oncurrent intelligent approach and framework for the
and autonomic,.is the foundation of MMAS technology. design of robotic flexible assembly systems with
Therefore relative research on methods of MMAS ynowledge Petri net and functionCbehaviorCstructure

modeling is significant. model employed.
In the modeling field, Petri nets have gained more and

more attention in manufacturing systems because of their Unfortunately, the above modeling methods lack logic
graphical and mathematical advantages over traditionaéxpression and performance analysis for complex
tools to deal with discrete event dynamics andscheduling and control process. In this research, an
characteristics of complex systen34,5,6]. Wang [7] attempt has been made to describe the complex control
presented a paradigm, called CTOPN (colored timedogic of MMAS effectively in order to satisfy demands in

object-oriented Petri net), to model an automatedassembly system  analysis, optimization and
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reconfiguration, using the modeling method of agent My represents the initial marking & model, which
oriented timed colored Petri net (ATPN). is used to initialize the system state and reflect the
The rest of this paper is organized as follows: sectiondistribution of initial tokens position in Petri net.
2 describes basic concepts and the definition of ATPN.Definition 3:
Section 3 discusses how ATPN is used to model a RAL A CR model is defined by a 6-tuple structure.
based on assembly resources classification and the CR={R,Tl;,0;,Ci,Moi} where,
ATPN-based interactive protocol modeling of MMAS is R andT; represent a set of state places and transition
given in section 4. Based on ATPN the performanceplaces for resource scheduling and control respectively,
indicators of mixed-model assembly System are analyzedienoting the status variation of agent inference;
in section 5, followed by an application instance in  li(p,t): C(p)xC(t)—N is an input function for
Section 6. Finally the future work will be pointed out. transitions of state places, which corresponds to the
colored vector arc from state plapdo transitiont ;
Oi(p,t): C(p)xC(t)—N is an output function for
transitions of state places, which corresponds to the

2 Product function analysis preparation colored vector arc from transitidrto state placep;
C(R) andC(T;) represent a color set of state plages
Definition 1: and activity transitiond;;
Mathematically, an ATPN model may be defined as Définition 4: N N
ATPN=(AP,CP,RF,MPR), where For firing a transition, a transitiol of CR, aboutbjk

AP={AR,i=1,2,....nneN},which represents a set of With a markingM may fire whenever it is enabled if and
assembly resource agents and logic control agentnly if  VRet;:M(R)(an)=1(R,Ti)(an,bjk),where
CP={CR,i=1,2,,...n,neN},which represents the system &n€C(R) andb;eC(Ti).Firing an enabled transitiof
protocol sub-net and can be used to analyze thdesultsinanew’ defined by

boundness, liveness and safeness of interactive protoc!’(R)(@n)=M(R)(ain)+O(R, Ti)(@in, bin)-

of dynamic behaviors between agents based or(P.Ti)(@n,bin), if VRetU- and
description of the protocol in order to guarantee theM'(R)(ain)=M(R)(an) orelse _
effectiveness of multi-agent coordination, whe@®, is The performance of MMAS is measured by time, so

theith decision agent of assembly resources scheduling ofhe transition in ATPN model can be classified into
MMAS;RF is a map function, which maps the p|ace of immediate and deterministica”y timed transition.
conflicting AR to multi-agent interactive protocol net for According to the places function, places are classified into
conflict  resolutionMPR={TGi,i,j=1,2,,....n,i#j},which ~ resource places, message places and agent places.
presents the message transitive relationship betwsn  Resource places denote the attribute or status of
or betweenAR and its outward, wherélGj; is the  €quipment resources. Message places denote the

transition of connections betweekRs whose activation ~Sent/received status of the input/output message. Agent
depend on the system protocol sub-net. places denote the operation status of the agent whose

Definition 2: inner behavior is encapsulated.
A model encapsulates each agent model and is defined

by a 9-tuple structure. . .
AR={P.T, Fi.l Mi,OM:11.01.D5.Gi Mo where 3 Modeling of mixed-model assembly system

R={RjJj=12,...nneN},which represents a set of 3.1 ATPN model of assembly resources
resource state places denoting the inner status of agents;
Ti={T;j=1.2,...mmeN},which presents a finite set According to the operation state of assembly cell, state
of transitions of certain physical object in MMAS; transition diagram (STD) can be obtained which can be
F={Fjj=1.2,...r,reN},which represents a finite set further converted into ATPN model. The sub net of each
of input/output arcs between places and transitions@gent class represents entities similar in behaviors whose
denoted byF=(P x T,)U(Ti xP); common sates and behaviors are encapsulated in the sub
IMi={IM;j j=1,2,,...]|EN},which represents a set of net of each agent class. Resource behaviors are mapped
input message places fAR; into transitions, while resource states or attributes are
OM;={OM;; j=1,2,....sseN},which represents a set mapped into state places. Also the interactions between
of output message places faR; resources are mapped into input or output function for
transitions of message places. An ATPN example of pallet

Di represents the time delay of transitions; . gpi
| 1ep y agent model is shown in Fig.1.

li(Op):R xli—{0,1},IM;x Ti—{0,1},OM; x Ti—{0,1},is
an input(output) function for transitions of state places
and message places; 3.2 ATPN model of mixed
. -model assembly Cell
C(R),C(T;),C(IMj) andC(OM;) represent a color set y
of state placed?, activity transitionsT;, input message After assembly resources classification and ATPN
placed M; and output message pladesl; respectively; modeling of assembly resources, the ATPN model of
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P21: pallet be idle and available 4 ATPN-BASED INTERACTIVE

- mz:pa::er:ereservet PROTOCOL MODELING OF MMAS

“/ P23: pallet be occupie

P24: iallel be in faw‘yl,ure and in repair i
B 4.1 Rulesfor transforming AUML model
el towards ATPN model
123 pallet be unoceupie
T24: pallet fail
i sepairing pallet AUML (Agent Unified Modeling Language) is a popular
e i multi-agent modeling technology. The interactive
OM21: transportation finish message pI’OtOCO| Sequence dlagl’am Of MMAS |S COﬂStrUCted

using AUML technology in our research. In the AUML
sequence diagram which supports messages concurrency,
the passed messages include both simple unstructured
O Reouee pace (3 Mo messages and semantics-rich structured messages. The
subjects in the AUML sequence diagram can be keep
active all the time. However, in actual applications the
interactions between agents are very complex and the
Fig. 1: ATPN-based pallet agent model accidents (e.g. deadlocks) should be prevented. In the
case of the above, The AUML protocol diagram cannot
describe the concurrent behaviors pretty well because of
its limited ability. In contrast with AUML sequence
diagram, ATPN model can describe the information flow
mixed-model assembly cell can be constructed usingn and between agents more visually and more clearly in
communication transitions to combine ATPN models of describing the inner states and control process of agents.
each kind of assembly resources. The number ofAlthough AUML diagram can represents protocol model
assembly resource agents in the mixed-model celimore visually, ATPN model is predominates in software
depends on specified manufacturing system. Thdmplementation and inspection. For the reason, some
constructed reconfigurable cell is autonomous andules are defined to transform the AUML representation
intellectual. The message passing between resourc@wards an ATPN model for model analysis and
agents can be realized by transient transition and therification. So only by realizing the transition from
conflicts between resource agents can be settled bAUML protocols graph to ATPN model can we analyze
invoking multi-agent interactive protocol sub net. and verify the reassemble wire model. Aiming at the key
problem, we define some transition rules to realize the
transition from AUML protocols graph to ATPN model.
Figure (a), (b), and (c) in Fig.2 expand the symbol of
UML, respectively, (a) uses thick symbol to represent
AND logic, which means send message to several Agent
. at the same time; (b) uses rhombohedrato represent an Or
3.3 ATPN model of mixed-model assembly logic connection between messages, which means an
system Agent sends messages from zero to many; (c) uses a
rhombohedra with a cross in it to represent XOR logic,
which means an Agent is selective to send a message.

= immediate transition == deterministically timed transition

Firstly, analyze the number of assembly cells in demand ——
and then determine the message passing relationship ¢ _|
the whole system according to the logical relationship
between assembly cells. The connection betweer ——

assembly cells can be realized by transient transition (a (b) ©

Finally, multi-agent interactive protocols are needed to

settle the deadlock and conflicts of communication

transition in the system. A new mixed-model assembly

system can be rapidly reconfigured based on the Fig. 2: Expanding symbol graph of UML

predefined ATPN models of mixed-model assembly cells.

The cells can be connected by transient transitions and the

conflicts in and between the mixed-model assembly cells  During the transformation process we fix attention on
can also be settled by invoking multi-agent interactive message passing mechanism, so we assume resources are
protocol sub net. sufficient and the following rules:
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Rule 1: 2 e o T
In the AUML model shown in Figure 3(a), a lifeline ~ [] == [ . ] - & s
represents an agent or a role or a group and correspont [] ' B 15

to a sequence places and transitions, where transition @) @

correspond to message processing cells. The type ¢
places determines the type of tokens in it and tokens
correspond to exchanged data between agents
Transformed element is mapped into vector arc from a
place to a transition or form a transition to a place, which
corresponds to the connection in and between agents
Places correspond to messages or the state of wait ¢
reasoning of agent inner.

Rule 2:

The process of sending/receiving messages is shown i
Figure 3(b), where place P1 and P2 correspond to the age!
place of a sender and a receiver, transition TS1 and TS;
corresponds to the send-message arc in ATPN and place F
and P6 correspond to the sent messages. P1 or P2 fires Tt
or TS2 to send messages and then enters wait state pla
P4 or P5. Further P4 or P5 fires TR1 or TR2 to receive
messages and then enters wait state place P7or P8.

Rule 3:
transformed referring to Rule 1. The concurrency ismodel
denoted by transition T1, shown in Figure 3(c). T1 may

have several output places the number of which is the
number of messages in the concurrency group. Each

output place corresponds to the start of each message AP 2: , i
the concurrency group. Construct the AUML protocol diagram. According to

Rule 4: the concurrency, selection or exclusive or relation of
Like the transformation of concurrency relation, the MeSSage passing, the protocol diagram is constructed

transformation to Petri net of selection relation beginsPased on AUML.
with certain common input place P1 which corresponds toSteP 3: o _
the state of P1 before selection relation start. The number Based onthe rules defined in Section 3.1, transform the
of output transitions of P1 is the number of messages irf*UML protocol diagram to ATPN model orderly from top
the selection group and the fire of the output transitionst® Pottom. The selection of lifelines (and, or and exclusive
denote the selected massages start to execute. or) depends on the firing condition of transformations.
Rule5:

Like the transformation of selection relation, the only
difference of the transformation of exclusive or relation 5 PERFORMANCE INDICATORS
from the one of selection relation is that only one ANALYSIS OF MIXED-MODEL

message among all messages sent by common inp
places can be sent. %‘SSEMBLY SYSTEM

Performance indicators of reassemble wire model major
. . . in the whole system, assembly equipment and workpiece.
4.2 Modeling of interactive protocol of There are some specific indexes, such as the whole
ATPN-based MMAS productivity, the equipment utilization ratio, the
equipment failure rate, the assemble time, manufacture
The interactive protocol of ATPN-based MMAS can be cycle and so on.
modeled under the following steps: In the ATPN model, transition is divided into
Step 1. immediate transition, fixed delay transition and random
Analyze the interactive process between agentsdelay transition. For ATPN model of MMAS,
Based on the contract net mechanism, determine buyguerformance evaluation can be made after introducing
agent and seller agent and specify the message passitigne parameter. If the delay transition time is accurate, th
relation between them. The token passing between agentesanufacture cycle of making a workpiece is the whole
is handled by KQML (knowledge query manipulation process assembling time from the start to the finish. For
language). certain equipment, recording the trigger counter and
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trigger time can get the working time of the equipment. whereA; is stimulate ratio of transitioty in the marking

Comparing with the whole system time, we can get theM;.

utilization ratio, and then the whole productivity can be  (ll)Token of placepi(i = 1,2,3...) is the probability

worked out.If the time parameter of delay transition in the of k. AssumingS= {j € (1,2,...,s) : Mj(pi) = k}, the

model is random variable, the calculation of performanceprobability meets this condition is

indexes is based on stationary probability of Markov

chain. The marking or state of model markup process is Prob(pi, k) = ij, 4)

divided into tangible stateT and vanishing state Ie

V,SSTUV, TUV=2 K=K +Ky,When analyzing the state

of ATPN model, we regard parts which use little time as  (Ill)Token expectation of place;(i = 1,2,3...). The

vanished state, and transition time can be neglected. Andxpectation of tokens in bounded plagés:

we regard the state which can enable the index transition

as tangible state. The whole marking process is a K

semi-Markov chain with discrete state space. In order to E(pi) = ) kProb(pi,k). 5)

calculate the performance index, we should calculate the k=1

stationary probability of tangible state at first. ) . .
The occurring time of random delay transition usually ~ (IV)Send ratio of delay transition. Assuming

subject to negative exponential distribution (life St ={j € (1,2,3...s); TjisenabledbyMi}, so the send ratio

distribution) whose parameteris of transitiont; is as:
1-e? x>0 Tr(t) = %XMN, (6)
Fi) =14 ‘=0 (1) i
wherdR (t) is the transition ratio from state to state. vl\\//lhere/\ij is stimulate ratio of transitiof) in the marking
Assume that there ane tangible states, the markin r e .
set of tangibleg state isg (V)The average waiting time of plagg(i = 1,2,3...)
is as follows:

M={M;|i = 1,2...,n},X=(X1,X2,X3,...%n) , Wwherex; is the
stationary probability of markindvi, according to the
theory of Markov stationary distribution, the following 1W(Pi) = E(pi)/ > Trt)=E()/ > Tr(),

linear equations are established as : t€IN(pi) t;€OUT (pi) -
XQ=0 wherelN(p;)andOUT (p;) arep; output transition set and
n @) pi input transition set .
in =1 (VI)The average marking number of state place.
I

Forvp; € P, Pis place setm represents marking number

where Q=(qjj)nxn is @ state transition probability that placep; contain in any reachable state, so there is as:

matrixj = 1,2,..n,j = 1,2,...n,wheni # j, g;; is the sum . .
of transition stimulate probability of the whole outputsirc m = ;J x P[M(pi) = |, (8)
n

from statem to statem;, and wheri = j, gjj=— ;qij.
iZ) Where the average marking number of placeR5et P is
Eq.(2) is an+ 1 homogeneous equation, there are the sum of evaluation marking numberRfC Pj, it is as:
unknown variables, and that is state stability probability
vector X, and Q is unfilled rand, so there area —1 N= me’ 9)
R CPj

n
stability state equations, along with the equagom =1,

|

then we can the state stability probability of reachable  What should be stressed is that it doesnt make any
markingP[M;] = x (1 <i <n). sense unless the physical means above can be combined

On the basic of stability probability of each marking with reality. Generally speaking, the assembly delay
state is known, we can analyze the following performancetransition send ratio in ATPN model is same to equipment
indexes in depth as follows. productivity of this model. If place represents situatidn o

(DAverage dwell time of tangible state markivig the certain workpiece, the expectation of place tokens is
The dwell time of the model in each reachable markingsame to the number of the product in process. The sum of
M; represents the average execution time of certain taskaverage waiting time in model place is the production
and its a random variable subject to index distribution. Itscycle. The place average marking number can not only
mean is as: estimate the utilization of this equipment, but also can

analyze the performance index such as length of task

-1
_ Aki
5= Lk%} J] (3) queue in process.
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6 APPLICATION INSTANCE completed, and a model has been constructed. The next
steps are to research on scheduling of MMAS for

The illustrated model presented in this paper is based on gesource operation control and to put the MMAS into

MMAS in certain enterprise. The MMAS is mainly in demonstration enterprise. Findings from the ongoing

charge of assembling shafts, gears, trays, hydraulic érquinvestigation will be reported separately in the near

converters, boxes and so on into driving cells. Althoughfuture.

the driving cells differ from each other in types, they can  The main tasks of this research are as follows:

be assembled in the same assembly line owing to much (1) A kind of ATCPN-based RAL modeling

the same number of assembly components and much th@chnology is presented and a model for an application

same assembly sequence. The assembly tasks are mairRAL is constructed using the technology.

finished by assembly robots. The ATPN model of the  (2) The multi-agent interactive protocol is introduced

MMAS can be derived by the mixed-model assemblyto resolve conflicts in the constructed model and the

cells described above, as shown in Fig.4. ATCPN-based modeling technology of the protocol is
The connections between the mixed-model assemblytudied.
cells can be realized by transient transitiong T1. When (3) The rules of transforming the AUML model

orders vary or assembly devices fail, the assembly linetowards ATCPN model are presented.

can drive the mixed-model assembly cells to reconfigurea (4) Based on ATPN the performance indicators of
new assembly line by adding/deleting assembly cells andnixed-model assembly System are analyzed

the transient transitions between assembly cells simply (5) The application steps of RAL modeling are
and rapidly. illustrated by an example.

Acknowledgement

This work was supported by the national natural science
foundation of China under Grant number 51175146 and
the Fundamental Research Funds for the Central
Universities under grant number 2012B14014.

References

[1] Koren Y, Heisen U, Jovane F, et al. Reconfigurable
manufacturing systems , Annals of the CIRB, 527-540
(1999).

[2] Kumar R, Kumar S, Tiwari M K. An expert enhanced
coloured fuzzy Petri net approach to reconfigurable
manufacturing systems involving information delays, Int J
Adv Manuf Techno6, 922-933 (2005).

[8] Felix T.S C, Jie Z. Modeling for agile Manufacturing
Systems, Int J Prod R&$9, 2313-2332 (2001).

[4] Jeng M, Xie X. Modeling and analysis of semiconductor
manufacturing systems with degraded behavior using Petri
nets and siphons, IEEE Trans Robot Autord@t 576-588
(2001).

[5] SUN N P. Design Axioms and Quality Control, Robotics and
Computer Integrated Mannufacturing, (1992).

[6] Cheng FT, Yang H-C Kuo T-L. Modeling and analysis of
equipment managers in manufacturing execution systems for
semiconductor packaging, IEEE Trans Syst Man Cyt3&n
772-782 (2000).

[7] Lichin W, Shaoying W. Modeling with Colored Timed
Object-Oriented Petri Nets for Automated Manufacturing

7 CONCLUSIONS (Sl);s;ZTS,Computers & Industrial Engineerid, 463-480

[8] Kuo C H, Huang H P. Modeling and performance evaluation

MMAS is characterized by its reconfigurability, scale,  of a controlled IC fab using distributed colored timed Petri

adaptivity, intelligence, autonomy and so on. This net, Proc of 2000 IEEE Int Conf on Robotics and Automation,

research seeks to model an application MMAS based on PiscatawaylInstitute of Electrical and Electronics Engise

ATPN. An initial round of investigation has been 2191-2196 (2000).

Fig. 4: ATPN-based MMAS model

(@© 2015 NSP
Natural Sciences Publishing Cor.



Appl. Math. Inf. Sci.9, No. 1, 369-375 (2015)www.naturalspublishing.com/Journals.asp

[9] Ben-arieh D, Rajeev R K, Tiwari M K. Analysis of
assembly operations: difficulty using enhanced expert-high
level colored fuzzy Petri net model, Robotics and Computer
Integrated Manufacturin§0736-5845385-403 (2004).

[10] Jianfeng Y, Yuehong Y, Zhaoneng C. Modeling for L
Reconfigurable Assembly Systems, China mechanical®® “2
engineeringl4, 1108-1113 (2003).

[11] Zongyan C, Xinmin Y. Case study on reconfiguration
algorithm for reconfigurable manufacturing system, Jolurna g8
of Computer-aided Design and Computer Graphigs162-
173 (2003).

[12] zha X F, Du H, Lim Y E. Knowledge intensive Petri net
framework for concurrent intelligent design of automatic
assembly systems, Robotics and Computer Integrate
Manufacturingl?7, 379-398 (2001).

Minghai Yuan is
Associate Professor  in
College of  Mechanical

and Electrical Engineering,
Hohai  University, China.
He received the PhD degree
in mechanical engineering
at Nanjing University
of Science and Technology.
His research interests are in and manufacturing
the areas of digital design and optimization, etc.
manufacturing including advanced manufacturing system,

product scheduling, etc.

Zhiyong Dai
is a graduate student
in College of Mechanical and
Electrical Engineering, Hohai
University, China. His major
is mechanical engineering.
His research interests
are in the areas of digital
design and manufacturing
including green  design,
Cloud manufacturing, etc.

Shuo Cheng
is a graduate student
in College of Mechanical
and Electrical Engineering,
Hohai University, China. He
received the Undergraduate
degree in mechanical
engineering at Hohai
University. His research
interests are in the areas
of digital design and

manufacturing including advanced manufacturing system,
pecondary development, product scheduling, etc.

Aimin Ji is currently
Professor and PhD
candidate Supervisor
in College of Mechanical
and Electrical Engineering,
HohaiUniversity, China.
He received his PhD degree
from University of Science
and Technology of China,
in 2001. His research interests
include digital design
CAD/CAE integration, shape

(@© 2015 NSP
Natural Sciences Publishing Cor.


www.naturalspublishing.com/Journals.asp

	Introduction
	Product function analysis preparation
	 Modeling of mixed-model assembly system
	ATPN-BASED INTERACTIVE PROTOCOL MODELING OF MMAS
	PERFORMANCE INDICATORS ANALYSIS OF MIXED-MODEL ASSEMBLY SYSTEM
	APPLICATION INSTANCE
	CONCLUSIONS

