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Abstract 
This paper illustrates the Petri net modeling of a conceptual 

model of flexible manufacturing system (FMS) and addresses 

the problem of deadlock by establishing deadlock prevention 

policy. The first part introduces the problem of deadlock in 

FMS, deadlock handling strategies and basic concepts of petri 

net modeling. Literature review is presented in the second part 

and third part shows an illustration of Petri net modeling of a 

case study model of FMS consists ofthree robots, two 

machines, two conveyors and an inspection center processing 
two parts.Type A product undergoes milling operation only 

whereas Type B product undergoes drilling and then milling. 

Both the parts are inspected before moving to conveyor out. 

Reachability graph is then generated for this model and is used 

to detect the possible deadlock states. Then deadlock 

prevention policy is established for this conceptual FMS 

model based on reachability graph analysis. Finally deadlock 

avoidance policy is generated with help of MATLAB. 

 

Keywords:Deadlock, FMS, Petri net, Reachability graph, 

deadlock prevention, deadlock avoidance, MATLAB, GUI. 

 

Introduction 
Manufacturers must adapt to changes in the production 

environment as well as in the market in order to achieve and 

maintain competitiveness. Effectively designing and operating 

an automated manufacturing system (AMS) is important for 

manufacturers to reach this goal. An AMS conglomerates of 

machine tools, robots, buffers, fixtures, automated guided 

vehicles (AGVs), and other material-handling devices. 

Different types of parts enter the system at discrete points of 

time and are processed concurrently; these parts cause a high 

degree of resource sharing [11]. It is a difficult to predict the 
behaviour of manufacturing systems without modelling, 

analyzing, and control techniques. Therefore, several 

techniques have been developed to describe the behaviour of 

manufacturing systems. One of which are Petri nets (PNs). 

Petri nets are a powerful graphical tool for modeling and 

analyzing concurrent, parallel, simultaneous, synchronous, 

distributed, and resource sharing systems. There are 

manyadvantages of using Petri nets such as enable an easy 

visualization of complex systems, can model a system 

hierarchically and can analyze qualitative and quantitative 

aspects of the system, qualitative analysis searches for 

structural properties like the absence of deadlocks, the absence 

of overflows or the presence of certain mutual exclusions in 

case of resource sharing. Quantitative analysis looks for 
performance properties such as throughput, utilization rates, 

average queue lengths, or average completion times.  

 

Deadlocks in FMS  

Deadlock is a state where a set of parts are in “Circular 

waiting” situation, i.e., a situation where a set of two or more 

processes keep waiting indefinitely for other processes in the 

same set to release resources. But in context of FMS resources 

refer to machines, buffers, AGVs, robots, fixtures etc. and 

process refer to operations to be performed on the raw 

material at the work centers.  

 

 
(a) (b)  

 

Figure 1: A typical deadlock scenario. 

Figure 1shows an example of a typical deadlock scenario. The 

deadlock situation can disrupt the entire system and makes the 

automated system stop working. To recover from deadlock 

one has to shutdown the system where deadlock has occurred 

and forcibly remove the part which is being processed and 
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then restart the system in order to return to normalcy. Thus 

occurrence of deadlock causes unpredictably long down-time 

and causes under utilization of resources and may also lead to 

catastrophic results in safety-critical systems. Deadlocks in a 

FMS are in general considered to be a result of: [9]  

1) Deficiency of system resources (Excessive sharing of 
resources).  

2) An inappropriate order of process execution, and  

3) Improper resource allocation logic.  

There are four necessary conditions for a deadlock to occur 

[12], known as the Coffman conditions:  

1) Mutual exclusion condition: a resource can only get 

involved in one process at a time.  

2) Hold and wait condition: processes (operation) 

already holding resources may request new 

resources;  

3) No preemption condition: no resource can be forcibly 

released from a process holding it, when processing 
is under progress and resources can be released only 

by the explicit action of the process;  

4) Circular wait condition: two or more processes form 

a circular chain where each process waits for a 

resource that the next process in the chain holds.  

A deadlock will never occur if one of these conditions is not 

satisfied. The physical characteristics and technical 

background of an FMS which is a discrete event system, show 

that the first three deadlock conditions always hold and any 

method which guarantees that the fourth condition (the 

circular wait) does not hold, is a valid solution to tackle 
problem of deadlock in FMS. 

 

Deadlocks Handling Strategies  

There are three major approaches to manage a deadlock 

situation [12] namely deadlock prevention, deadlock 

avoidance, and deadlock detection and recovery. Deadlock 

prevention refers, to static resource allocation policies to 

eliminate completely the possibility of deadlock occurrence. 

This approach is too much conservative and leads to 

underutilization of system. Deadlock avoidance involves 

dynamic resource allocation, so as to avoid deadlock just 

before it occurs. This approach is widely accepted because it 
leads to better utilization of resources than prevention policies. 

In deadlock detection and recovery, however, resources are 

granted to a process without any check. A deadlock detection 

algorithm determines whether a set of processes is deadlocked. 

If a deadlock is found, the system recovers from it by aborting 

one or more deadlocked processes. A good deadlock detection 

algorithm is the one, which detects all possible deadlocks and 

does not report nonexistent deadlocks. 

 

Petri Nets as a Modeling Tool  

Petri nets are bipartite directed graphs, in which there are two 
types of vertices known as places and transitions. The places 

are represented by hollow circle and transitions are 

represented by vertical bar. Places usually represent a state of 

the system, conditions or a resource and transitions represent 

events. A token is a small solid dot (or solid circle), presence 

of token in a place means the condition represented by the 

place is satisfied or a resource represented by the place is 

available. Places are connected to transitions by directed arcs 

and they represent input and output function. A firing of 

transition indicate occurrence of an event represented by it and 
transition is said to be enabled for firing, if all the input places 

of a transition are having tokens in them, in other words an 

event can occur only if all the conditions are satisfied or all the 

resources required for an event are available. Petri nets, as 

graphical and mathematical tools, provide a uniform 

environment for modeling, analysis and design of discrete 

event systems [13]. It is their simplicity and ability to model 

sequential execution, concurrency, conflict, synchronization 

and merging like situations which makes them suitable to 

model FMS. 

 

Literature review  
Coffman et. al [1] derives that the deadlock recovery might be 

costly one, in deadlock prevention the resources may remain 

in underutilization so deadlock avoidance might be quite 

efficient than above two policies as it has property of 

temporary resource allocation which is feasible and less 

costly.    Narahari and Viswanadham [2] present an approach 

for modelling and analyzing flexible manufacturing systems 

(FMSs) using Petri nets. In this approach, they first build a 

(Petri net model ~PNM) of the given FMS in a bottom-up 

fashion and then analyze important qualitative aspects of FMS 

behaviour such as existence/absence of deadlocks and buffer 
overflows. They illustrate their approach using two typical 

manufacturing systems: an automated transfer line and a 

simple FMS. Viswanadham and Narahari [5] show that 

prevention and avoidance of FMS deadlocks can be 

implemented using Petri net models. For deadlock prevention, 

they used the reachability graph of a Petri net model of the 

given FMS, whereas for deadlock avoidance, they also 

proposed a Petri net-based on-line real time controller.  Wu 

and Zhuang [7] study that Flexible Manufacturing Systems 

(FMS‟s), belong to the class of discrete event dynamic 

systems. The problem of collision and deadlock avoidance can 

be investigated using Petri nets which are powerful techniques 
suitable for modeling concurrent processes. A Petri net based 

approach is employed in this paper to model, detect and avoid 

collisions and deadlocks in FMS‟s.  

Lawley et al. (1998) [9] describes Configuration flexibility, 

the ability to quickly modify manufacturing system 

components and their logical relationships, requires automatic 

generation of control executables from high level system 

specifications. The objective of their research is to develop 

rapidly configurable control policies that guarantee deadlock 

free FMS operation. Li et al. [16] investigate research surveys 

the state-of-the-art deadlock control strategies for automated 
manufacturing systems by reviewing the principles and 

techniques involved in preventing, avoiding, and detecting 

deadlocks.  Ambekar and Bhatwadekar [19] illustrate the Petri 

net modeling of a conceptual model of flexible manufacturing 
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system (FMS) and address the problem of deadlock by 

establishing deadlock prevention policy. This work illustrates 

that the Reachability graph technique can be effectively use 

for analyzing and establishing a deadlock prevention policy 

for an FMS.Abdul-Hussin [20] describes that the deadlock 

prevention method is caused by the unmarked siphons, during 
the Petri nets are an effective way to model, analyze, 

simulation and control deadlocks in FMS is present in this 

work. Kaid et. al [21] demonstrate a comprehensive overview 

for applications of Petri nets (PN) and their extensions in 

modeling, analyzing, and control of manufacturing systems 

are present.This paper presents an efficient siphon for control 

structure analysis of PN in MATLAB Toolbox.  

From the literature review one can conclude that most of the 

works addressing deadlock problem using Petri nets are based 

on structural analysis of Petri nets and few works are based on 

reachability graph analysis and are restricted to very small 

systems. Structural methods eliminate the derivation of the 
state space, so they avoid the “state explosion” problem, but 

they cannot provide as much information as the reachability 

approach does. 

 

Petri net modeling of a Case Study of FMS 

A case study of FMS consisting three robots, two machines, 

two conveyors and an inspection center processing two parts 

types is considered for illustration using Petri net. The Figure 

2shows the schematic layout of the case study FMS model. 

 

 
 

Figure 2: FMS model from Case study[18] 

 

The Figure 2 shows block diagram of FMS in this study. It 

consists of three robots, two machines, i.e. a drilling machine 

and a milling machine and an inspection center. The system 

also consists of two conveyors, conveyor in and conveyor out. 
The system has operational flexibility in the sense that two 

types of products are produced in the system using two 

different process operations. Type A product undergoes 

milling operation only whereas Type B product undergoes 

drilling and then milling. Both the parts are inspected before 

moving to conveyor out. Robot 2 loads the milling and drilling 

machine from conveyor in, and Robot 1 loads the part B onto 

the milling machine after it completes the drilling operation. 

Robot 3 unloads milling machine and loads the inspection 

center it also unloads it to conveyor out. The Figure 3 shows 
the Petri net model of the FMS and Table 1 shows the 

interpretations of places and transitions. 

 

Table 1:Definition of Places and Transition in PN model 

Places 

R1: Robot 1 is available 
R2: Robot 1 is available 

R3: Robot 1 is available 
Milling: Milling machine is available 

Drilling: Drilling machine is available  
Inspection: Inspection machine is available 

Place A: Raw material A is available 
Place 1: Robot 2 is loading raw material A on milling machine. 

Place 2 : Machining operation on milling machine is under  
progress. 

Place 3: Robot 3 is loading material A on inspection machine. 
Place 4: Inspection of material A is under progress. 

Place 5: Robot 3 is unloading finished material A on conveyor 

out. 
Place B: Raw material B is available  

Place 6: Robot 2 is loading raw material B on drilling machine. 
Place7: Machining operation on drilling machine is under 

progress. 
Place 8: Robot 1 is loading raw material B on milling machine. 

Place 9: Machining operation on milling machine is under 
progress. 

Place 10: Robot 3 is loading material B on inspection machine. 
Place 11: Inspection of material B is under progress. 

Place 12: Robot 3 is unloading finished material B on conveyor 
out. 

Transitions 

T1: Robot 2 starts loading raw material A on milling machine.  

T2: Milling machine starts machining raw material A. 
T3: Machining is over; Robot 3 unloads it and starts loading 

material A on Inspection center. 
T4: Inspection of material A starts at Inspection center. 

T5: Inspection is over Robot 3 starts unloading Inspection 

center. 
T6: Unloading of material A completed by Robot 3 from 

Inspection center. 
T7: Robot 2 starts loading raw material B on drilling machine. 

T8: Drilling machine starts machining raw material B. 
T9: Machining is over; Robot 1 unloads it and starts loading 

material B on milling machine. 
T10: Milling machine starts machining material B. 

T11: Machining is over; Robot 3 starts unloading part B from 
milling machine and loads it on Inspection center. 

T12: Inspection of material B starts at Inspection center. 
T13: Inspection is over; Robot 3 starts unloading material B from 

Inspection center. 
T14: Unloading of material B completed by Robot 3 from 

Inspection center. 
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Figure 3: Petri Net model of the case study of FMS  

 

 

Results and Discussions 

The Figure 4 shows the reachability graph of Petri net model 

of FMS of case study 2. From the reachability graph, one can 

easily detect two such deadlock states namely, S29 and 

S30.The corresponding critical states are S24 and S25. As 

explained in chapter 4, our deadlock prevention policy is when 
system reaches critical state, avoid firing those transitions 

which leads to deadlock states. For example when the system 

is in state S24, two transitions T11 and T5 are enabled. If 

firing of T11 occurs, then system reaches deadlock state S29. 

Hence our deadlock prevention policy would be to avoid firing 

T11. The physical interpretation of this is, when system is at 

state S24, actually both milling machine and inspection center 

are busy, after they complete the process they need to be 

unloaded. Firing of T11 indicates, Robot 3 unloads part B 

from milling machine and starts loading on Inspection center. 

Firing of T5 indicates, robot 3 unloads finished part A from 
inspection center. Suppose firing of T11 occurs, i.e. if robots 3 

unloads millingmachine and starts loading it on inspection 

center, however inspection center is waiting for the same robot 

3 to unload part A from it and since robot can handle only one 

part at a time the system will be deadlocked. 
Thus deadlock prevention policy would be at state S24, robot 

3 should always be assigned to unload inspection center, 

rather than unloading milling machine. Similarly at state S25, 

there are two enabled transitions e.g., T13 and T3. And similar 

to previous case both milling center and inspection center are 

busy.Firing of T3 indicates robot 3 unloading part A from 

milling machine and start loading part A on to inspection 
center and firing of T13 indicates robot 3 unloading finished 

part from the inspection center, Suppose, if firing of T3 takes 

place, the robot 3 will unload part A from milling machine and 

will have to wait for inspection center to become free. But 

even if, inspection center completes its process it will be free 

only if the same robot 3 unloads the part. However robot 3 is 

already holding part which it unloaded from the milling 

machine and thus there is a deadlock situation. If we want at 
this stage to recover system then we have to make robot 3 free 

by human intervention. Thus deadlock prevention policy 

would be, at stage S25 robot 3 should always be assigned to 

unload inspection center. Table 5.4 shows the deadlock 

prevention policy for all possible deadlocks in the system. The 

first column in the table shows one possible sequence of 

transition firing for a particular deadlock state; however there 

can be many possible paths or sequence of transition firing 

which will lead to the same deadlock state. 

Table 2 shows the deadlock prevention policy for all possible 

deadlocks in the system. The first column in the table shows 
one possible sequence of transition ring for a particular 

deadlock state; however there can be many possible paths or 

sequence of transition ring which will lead to the same 

deadlock state. A state in a reachability graph is represented 

by a vector having elements equal to number of places and the 

value of each element corresponds to the number of tokens 

held by respective places at that instant. 
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Figure 4: Reachability graph of Petri net model of FMS 

 

Table 2: Deadlock Prevention Policy for FMS 

 

Sequence of transition firing Deadlock state 

/Critical state 

 

Deadlock 

Prevention Policy 

Physical Interpretation 

T7,T8,T1,T9,T2,T3,T10,T4,T11 

 

 

 

S29/S24 At S24, do not 

fire T11 instead 

fire T5 

When system is at state S24 there may be a 

situation to choose between 

1. Robot 3 assigned to unload part A from 

inspection center 

and 

2. Robot 3 assigned to unload part B from Milling 

machine. 

Deadlock prevention policy is, at this state in 

order to prevent deadlock always choose option 1. 

T7,T8,T1,T9, 

T2,T3,T10,T4, 

T5,T6,T1,T11, 

T2,T12,T3 

 

S30/S25 At S25, do not 

fire T3 instead 

fire T13 

 

When system is at state S25 there may be a 

situation to choose between 

1. Robot 3 assigned to unload part B from 

inspection center 

and 

2. Robot 3 assigned to unload part A from Milling 

machine. 

Deadlock prevention policy is, at this state in 

order to prevent deadlock always choose option 1. 
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Deadlock Avoidance policy 
In deadlock avoidance, the controller will be continuously 

collecting the status of each elements or happenings in the 

system and accordingly keepdirecting appropriately to the 

operator in order to avoid deadlock just before its occurrence. 

In the present work the deadlock avoidance is achieved by 
deadlock avoidance algorithm. This algorithm has been 

implemented using MATLAB (Matrix Laboratory) with help 

of GUI (Graphical User Interface). For GUI we fetch data 

from an excel sheet which consists of enabled and fired 

transitions, lead state, look ahead message, machines etc. 

 

 
Figure 5:The flow chart of deadlock avoidance algorithm 

 

The Figure 6 shows the screen shot of controller at initial state 

of the system. One canobserve that, the status of all the 

machines /inspection center and the robot is displayedas „Free‟ 

and transition T1, T7 are displayed as the enabled transitions. 

The transitions firing sequence to obtain part A is displayed as 

the transition T1 to T6 and for part Bas T7 to T14, which 

confirms with the Petri net model shown in Figure 3. The 

screenalso shows the fired transitions at any given time/state 

by this one can get to know thestatus of processing of part A 

or part B. However in the initial state there will be no fired 

transitions. Look ahead of this state is displayed as „SAFE‟ 

which means nextimmediate state is neither a critical or 

deadlock state.The Figure 7 shows the resulting screen shots 

of controller when transitions T1 andT2 are fired. At S0 when 

transition T1 is fired it reaches state S2 one can observe thisin 

figure 7, the fired transition now is displayed as T1, indicating 

thatrobot has started loading raw part Aon to the 

 
Figure 6: GUI screen at the initial state S0 

 

 
Figure 7: Screen shot of controller at the state S2 when 

transition T1 fired 
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Milling machine. Thus the status of robot is displayed as 

„Engaged‟. Similarly at S2 when transition T2 is fired it 

reaches state S4, one can observe this in Figure 8, the fired 

transition now is displayed as T2 for part A whereas it is 

NULL for part B because it has not started yet. This indicates 

that robot has completed loading raw part A on to the milling 

machine. Thus the status of robot is displayed as „Free‟ 

whereas the status of milling machine is displayed as 

„Engaged‟. 

 

 
Figure 8: Screen shot of controller at the state S4 when 

transition T2 fired 

 

When system is at state S24, which is a critical state there is a 

chance for systemto enter in to deadlock state S29. According 

to deadlock prevention policy established in the Table 2 robot 

3 should be always assigned to unload part A from inspection 

center, However if Milling machine completes machining 

before inspection center, thensince robot 3 is free, deadlock is 

bound to happen. Thus there is need to avoid deadlockbecause 

we are not able to prevent it. The Figure 9 shows the screen 

shot of thecontroller when system is at critical state S24. One 

can observe that look ahead is displayed as „DEADLOCK‟ 

and message displayed directs the operator to unload partfrom 

milling machine to buffer, in case it completes machining thus 

avoiding the deadlock.In case if deadlock is not avoided it 

results deadlock state S29, the Figure 10 shows 

thecorresponding screen shot in which the controller is 

directing the operator to unload theinspection center manually 

in order to resolve deadlock. The Figure 11 shows the 

screenshots of remaining deadlock state S30 and its 

critical state S25. Thus it can be concludedthat the developed 

deadlock avoidance algorithm is capable of avoiding deadlock 

in thesystem. 

 

 
Figure 9: Screen shot of controller at critical state S24 

 

 
Figure 10: Screen shot of controller at deadlock state S29 
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Figure 11: Screen shots of deadlock state S30 and its critical 

state S25 in a case study 

 

Conclusion 

The paper presented an overview of the deadlock problem in 

FMS and Petri net as a modeling tool. A case study of FMS 

having three robots, two machines and an inspection center 

processing two parts was analyzed for deadlock using 

reachability graph of Petri net model. Then deadlock 

prevention policy was established which gives deadlock free 

resource allocation method. This work illustrates that the 

reachability graph technique can be effectively used for 

analyzing and establishing a deadlock prevention policy for an 

FMS. 

Finally for a deadlock avoidance algorithm has been generated 

and simulated over the screen with help of a GUI tool in 

MATLAB, the display of message can be converted into 

control signal which can bring about control action using 

sensors and actuators.It is possible to avoid a deadlock state in 

the FMS which can lead to improve productivity, reduce setup 

time and process time and saving‟s in energy. It is easy to 

execute and establish a deadlock avoidance policy in 

MATLAB as compare to „c‟ language.  
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