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Abstract 
In this paper recent results on intelligent 
communication protocols (ICP) that are tailored for 
applications within flexible manufacturing systems 
(FMS) are presented. These have been derived 
using Petri-net technique for the representation of 
discrete-event dynamic processes on the grounds of 
the concept of ICP emulation and by using the 
technique of object-oriented emulation modelling 
and programming. Developed models have been 
derived using three alternatives: math-analytical 
queue, adequate Petri-net, and appropriate object-
oriented models. Some of the simulations results 
obtained illustrate these innovated IPC 
developments for FMS along with an analysis of 
the respective performance achieved.   

1 Introduction 
From control and automation points of view in both 
scientific research and technological development, 
in developments of computer integrated 
manufacturing (CIM) systems as a class of 

complex systems dominated by event-driven 
dynamics, since the nineties, integrated design and 
analysis approach involving communication, 
control and supervision vie triple-C paradigm 
computing-communication-control seem to have 
become the main focus [8], [19], [22], [31].  
 

 
Fig. 1. Overall structure of the case study, medium-scale 

FMS (Dimirovski et al., 1994a)  
 
These may be identified as: flexible automation 
following the FMS concept (e.g., Figure 1); 
embedded intelligence in automation infrastructure; 
integrated control and supervision, and discrete 
event supervisory control. It should be noted, the 
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essential underlying problem in common is the 
controlled communication – information and 
knowledge exchange –  between subsystems (see, 
for instance, [5]-[9], [14], [15], [16], [20], [27]).  
However, unlike controlled information and 
knowledge exchange in communication networks 
(e.g. see [10], [30]) controlled communication in 
FMS systems is considerably simpler, confined in a 
closed environment, with specific features like 
those in communicating sequential processes [13],  
but varying in the sense of discrete-event 
dynamics.   

It should be noted, however, in both FMS and any 
kind of CIM systems, there have to be employed 
models that make use of different formalisms at 
different levels of abstraction and in different 
modules [5], [31]. Hence, a number of approaches 
have been either innovated or newly developed 
which put emphasis on combined computer 
simulation analysis and synthesis (e.g., [6], [7], 
[16], [21]-[24], [26], [28]) on the grounds of 
techniques of object oriented modelling (OOM), 
analysis (OOA) and implementation (OOI) (e.g., 
[2]-[4], [20], [24], [28]).  For indeed subsystems 
within FMS structures and their control and 
supervision systems do act as objects 
conceptualised in software systems engineering [8].    

This paper presents certain novel findings built 
upon the previous work [16], [26] on the grounds 
of structural analysis and synthesis of the overall 
supervisory control of the FMS by means of an 
graph theory [10] based, innovated technique [30] 
on the grounds of the theory of discrete-event 
systems control of Giua and DiCesare [11]. In here, 
it is emphasised at this point, the control and 
communications tasks have to be considered as 
generically inseparable [8] in systems for 
integrated control and supervision of FMS 
structures. Note, typically, these employ some kind 
of two-level system architecture [5], [8], [31].   

Paper is organised as follows. In Section 2 a brief 
note on some relevant background research in 
Petri-nets and parallel discrete-event emulation of 
FMS structures form the viewpoint of control and 
supervision is given. In the subsequent Section 3, a 
discussion on object-oriented modelling for 
emulation simulation of FMS and its internal 

communications is presented. Then Section 4 is 
focused more detail on the intelligent protocols that 
emulate FMS internal communications. Conclusion 
and references follow thereafter.  

2 On the Background of Petri-Nets in 
Parallel Discrete-event Emulation of 
FMS Structures 
For discrete-event systems, queuing theory is 
known to be one that provides the development of 
analytical models. However, analytical solutions 
obtained refer only to a very limited subclass of 
queues. Stochastic Petri-nets (PN; for instance, see 
[25]) offer a good yet feasible alternative [8] should 
the parallel processing is to be achieved in order to 
cope with the curse of dimensionality. (Remark: 
Note, this is also the case with generalised semi-
Markov processes, and parameterised and fuzzy 
Petri-nets [8].) For, these give flexibility in the 
evaluation of models obtained more or less on an 
intuitive basis. Then these can be used in 
compatible manner with other models within OOM 
paradigm provided a flexible, programmable 
peripheral interface is employed (see schematic 
diagram in Figure 2). A number of solutions have 
been achieved technically (e.g., see [16], [21], [27], 
[28]). Such interfaces must satisfy properties for 
OO modelling [2], [4], [14], [20]:  

* Synchronous communication between 
considerable many of objects. 
* Ability to code the whole set of different 
messages between the objects. 
* Flexible, simple interface structure 
reconfiguration for different types of messages. 

 The work of Leborg et al. [23] has provided a good 
explicatory discussion of the fundamental aspects 
of the object-oriented approach, in which these are 
examined in conjunction with reasoning that helps 
to control the complexity of object-oriented 
systems.  They put emphasis to important aspects 
of the inheritance method, class representation, and 
code sharing. In turn, currently the so called 
‘unified method’, which attempts to unify both 
Booch method and top-down approach object-
oriented modelling technique in which compatible 
model representations of subsystem processes are 
combined. Then the essential issues are the 



problem of system specification and the appropriate 
communications between object models of 
subsystem processes, which have to be viewed as 
agents endowed with some intelligence.  

 
Fig. 2. A schematic diagram of programmable input-

output ports for FMS applications 
 
In the work by Huvenoit et al. [15], which presents 
an computer-aided design methodology of flexible 
manufacturing system control with a preview to 
industrial implementation, the essential issues 
involved have been clarified. The object-oriented 
approach is applied to logical modelling upon FMS 
physical model.  The approach described considers 
thorough modelling phase, involving validation by 
simulation, and a distributed implementation phase.  
In the modelling phase, based on Petri-net 
formalism, is demonstrated the hierarchical aspect 
which separates parts of flow control and product 
resource control and associated communication 
activities, and allows using the OOM paradigm.  

On the other hand, Lin et al. [24] showed how to 
develop an OOM software for the control of a 
robotic flexible manufacturing cell (FMC).  The 
control software is based on a formal modelling of 
the entities involved in a cell and their mutual 
interactions, that is, their communications.  An 
entity-relationship model, message flow diagrams, 
and state transition models are used to specify the 
software objects needed to model the operation of 
an FMC.   

Due to the complexity, however, in addition to 
standard indicators and quantities of PN models, 
for exploring the information control and 

communication problems within FMS via OOM 
approach, it is important that such simulation tools 
meet the model specification requirements [18], 
[28]  such as:  

* Ability to describe a given FMS in behavioural, 
functional and structural views. 
* Ability to reflect on the controlling infrastructure 
built in the system.  
* System model specification should lend itself to 
formal and informal evaluation techniques.  
* Reasonable ease of user’s understanding and 
exploiting model representations feasible.  

3 Discrete-event Emulation Simulation 
of FMS and Its Internal Communications 
The object oriented modelling techniques [3], [4], 
or OOM formalism for short, represent a most 
appropriate approach in modelling the structural 
properties of FMS systems.  On the other hand, the 
discrete event system specification technique via 
Ziegler’s DEVS formalism [32] appeared to be the 
most appropriate in the modelling of functional and 
behavioural properties of the system studied. 
Recently, this approach for modelling of this class 
of systems via employing a unified application of 
OOM and DEVS paradigms has been revisited and 
an innovation has been investigated. The three 
basic objects of these paradigms [5], [8] are: the 
real-world system, the model, and the simulator. 
These have precise mutual relationships. Two types 
of inherent relations exist among them: the 
modelling relation, and emulation simulation 
relation.  

The DEVS formalism, in fact, is focused on 
changing of values of process variables, and 
produce fixed time sequences. In this context, the 
difference between the events and the mechanisms 
for their generation should be noted.  The second 
ones are simulation constructions known as ‘event 
routines’, in contrast the events of the system 
process dynamics. They define execution of some 
predefined event and value change of process 
variables in the course of computing. It is apparent 
therefore that within simulated FMS structures   
correct communications and information flow play 
a crucial role to the same extent as in real plants 
[15], [23], [24], [31].  



3.1 A Note on System Theoretic Fundamentals 

In the context discussed above, according to DEVS 
formalism the basic system model is defined as 
follows [5], [32]:  

>=< aext tYSXM ,,,,,, int λδµδµ ,        (1) 
where: 
X – set of external (input) event types;  

S – set of sequential states;  

Y – set of output event types; 

SS →:intδµ  – internal transition mapping; 

SQext →:δµ  – external transition mapping; 

Q  – complete set of states with consumption,  

that is 
)}(0,|),{( steSsesQ a≤≤∈= ;            (2) 

+
∞→ ,0: RQta  – time increment function;  

 YS →:λ  – output mapping.  
 
On the other hand, it is pointed out that the DEVS 
model carry on the following essential information:  

- Set of input ports for receiving input events. 
- Set of output ports for sending external events. 
- Set of state variables and parameters associated. 
- Time increment function. 
- Internal transition mapping. 
- External transition mapping.  

Apparently, this information is rather instrumental 
in building models of intelligent communication 
protocols for FMS, as it is instrumental for 
modelling and simulation of discrete-event 
dynamics systems in general.  

Hence, the discrete event representation of basic 
processor communications with the other objects 
and the environment may be based on two types of 
actions: 

- Receiving of information (of discrete-event type) 
through input port, namely: Receive x on input 
port p. 

- Sending output information (of discrete event 
type) through output port: Send y to output port 
p. 

The basic model can be embedded in the DEVS 
formalism to form a coupled model having the 
following structure: 

>=< selectZIMDDN ijii },{},{},{, ,       (3) 

where D is a set of component events with property 
for each i in D to have: 

Mi – Component Basic Model;  

Ii – Set of influences of i; 

Zij - Function of i to j output translation; 

select – Activation function of the next event. 

This coupled model enables connections of several 
component models together in order to form a new 
model.  Coupled model can later be used as a basic 
component for certain larger model, thus giving 
rise to a hierarchical construction. It should be 
noted that hierarchical structure is an inherent 
property of OOM paradigm. It is this fact that 
DEVS formalism is closed under coupling which 
endows it with a most important structuring 
property, namely, the ability to construct 
hierarchical models [5], [30], [32] in the following 
manner: 

- The basic model is a hierarchical structure model. 

- The coupled model, the components of which are 
hierarchical models themselves, is a hierarchical 
structure model. 
 
It should be noted that DEVS formalism is a 
natural derivation from the mathematical systems 
theory that shares and supports the similarity with 
object modelling. Both object and system models 
share the concept of an internal state. The main 
advantage of this concept is the overcoming of the 
time basis problem, which is and inherit property of 
OOM paradigm. Although object-oriented systems 
feature limited form of communication protocol in 
relation to modular systems, they can serve as a 
basis to implement discrete-event and other system 
modelling formalisms.   



The actual implementation of hierarchical, modular 
DEVS formalism over an object-oriented substrate 
is based on the abstract simulator concept.  Since 
such a scheme is naturally implemented by 
multiprocessor simulation architectures, models of 
discrete event systems developed in this form are 
readily transportable to the distributed parallel 
simulation. In what follows in the sequel, it is 
assumed that such multi-processor simulation 
architecture as well as suitable programmable 
input-output ports (possessing potential of different 
initialization modes) are assumed to be available 
either in hardware or in software implementations.   

3.2 FMS Object Models for Systems with 
Extensive Complex Internal Communications 

As a case study, stochastic PN and OO modelling 
technique developed has been applied to a type 
(Fig. 1) of medium-scale FMS structures [6], [8] 
exhibiting rather extensive and complex internal 
communications (also adequate external ones, of 
course).  This type of FMS (schematic diagram in 
Fig.1) incorporates: the main input/output (I/O) 
buffer storage with a robot manipulator for I/0 
actions; two automated guided vehicles (AGV); 
three flexible manufacturing cells (FMC) for 
single-type jobs coded B, C, D; and one FMC for 
double-type jobs, coded A1 and A2; each of the 
FMCs has an auxiliary buffer of its own. One AGV 
transports work-pieces from I/O storage to FMCs, 
while the other collects finished pieces after one 
entire processing cycle is completed, and transports 
them to I/O storage.  

For this case-study FMS, the class categories in its 
OOM representation (coded conveniently) include 
object subsystems such as: MMI man-machine 
interface with multi-model communications 
capacity; FMS supervisory controller; AGV; 
machine (i.e. FMCs); semaphore; buffer; human 
operator too. The buffer storage sub-system is 
consisted of two buffers for incoming and outgoing 
work-pieces, and employs a manipulating robot for 
loading/ unloading operations. Both AGVs are 
employed for loading/unloading the FMCs; they 
share crosses and one common trajectory path 
(between C and A), hence three controlled 
semaphores S1, S2, S3 are installed.  Machine cell 

A (MachA in the central location) is capable of 
performing two different types jobs, while FMCs B 
(MachB in the right-end location), C (MachC in the 
input location), D (MachD in the left-end location) 
are aimed at single-type jobs.  The LCC local co-
ordinating controller is aimed at optimal usage of 
I/0 buffer capacities, thus avoiding either Starving 
and/or Blocking of the FMCs as well as collisions 
of the AGVs.  

For each object in the model of the FMS structure, 
an adequate communication finite state automata 
has been also derived. It should be noted, the 
respective sets of input and output messages, and 
internal states are well defined defined. In formal 
notation, each of the automata can be defined as 
follows:  

STATE: (Who_send_messsage. Message)   
(Action, To-whom. Response, Go_to_state).  (4) 

↓
↑

→

The entire system is operationally integrated via the 
internal communications among the supervisory 
and the set of local controllers, and similarly so is 
its parallel mode computer simulation [7], [16], 
[18]. In the system simulation, the human operator 
has a role of the overall system supervisor, while 
class category MMI implements control and 
monitoring of communicating objects, which are 
also adapted for process visualization.   

The class category FMS Controller implements the 
operating, discrete-event control infrastructure of 
the manufacturing process in the FMS.  Its main 
object classes are: AGV mediating in sequential 
transients between object classes Buffer (I/O output 
storage) and Machine (FMCs A, B, C, D) and 
implementing respective transportations directed 
via object class Semaphore (semaphores S1, S2, 
S3). It should be noted that the object encapsulation 
enables optional changes in control and 
communication structures via OOM linkages 
without any influence to the rest of control system 
structure. In Figure 3, there are depicted the 
individual communication automata for object 
models of all the interacting FMS subsystems 
beginning with the MMI . 

In order to provide somewhat deeper insight, the 
entire communication and state process description   



 

 

  

 

 

 
Fig. 3. Communication automata for object model 

subsystem during the production process in the FMS 
(I/O storage, loading/unloading, semaphores and 
transporting, the two types of FMC machining). 

for MMI automaton, involving messages M1–M8 
and evolution of internal states, is presented below. 

This description can be given in terms of the 
representation (4), in a kind of pseudo-code, as 
follows:  
States: STOP, START, AGVINCon, AGVOutCon, 

IOBufCon 
Initial State:  STOP 
M1:STOP:↓ (External_Request_to_Start) ( Nill, 

START) 
→ ↑

M2:START:↓ (External_Request_to_Stop)→ ( Nill, 
STOP) 

↑

M3:START:↓ (AGVInCon.Request_to_Move) (↑M
MI.Monitor,AGVIn.Moving, AGVInCon) 

→

M4:AGVInCon: (AGVInCon.AGVIn_Moved)→ (
MMI.Monitor,AGVIn.Moved, START) 

↓ ↑

M5:START:↓ (IOBuf.Request_to_Load/Unload) (
MMI.Monitor,IOBuf.Loading / Unloading, 

AGVOutCon) 

→
↑

M6:AGVOutCon:↓ (IOBuf.AGVIn_Loaded/Unloaded)
( MMI.Monitor,IOBuf_Loaded / Unloaded, 

START) 
→ ↑

M7:START:↓ (AGVOutCon.Request_to_Move) (
MMI.Monitor,AGVOut.Moving,  AGVInCon) 

→ ↑

M8:AGVOutCon:↓ (AGVOutCon.AGVIn_Moved) (
MMI.Monitor,AGVIn_Moved, START) 

→
↑

 
Such a coding representation for FMC MachA, of 
course, is most complex in this case-study FMS. 
From the above presentation (see also Fig. 4), it 
may well be inferred that the respective coding 
representations for other FMS subsystems are 
simpler than this one.  

4 Intelligent Communication Protocols 
and Parallel FMS Emulation Simulation  
For the purpose of experimental investigation of  
FMS communication protocols the object-oriented 
model of FMS system had to been put on a 
distributed parallel simulation structure, which 
employs some suitable programmable input-output 
port (Fig. 2) that can be initialised in a variety of 
different modes (e.g., such as an IC 8255 or 
equivalent).  For the purpose of simulation a Petri-
net model such as in Lakos and Keen [21] and in 
Iliev at al. [16] that enables up to a 100 transition 
and 100 place nodes has been used. Currently a 



number of Petri-net simulators are available, and 
Visual Object Net ++ is found to be rather practical 
one as demonstrated in [8]. Then the input-output 
port applications software enables simulation 
investigation of various communication protocols. 
All of them implement the message communicating 
object links and message relative timing diagram 
depicted in Figure 4, also showing communication 
activities among FMS subsystem objects. 

 

Fig. 4.   Message timing diagram of subsystem object 
communications within the FMS in Fig. 1 

 
In this study, the point of departure was found in 
the well-known observations and theories in [1], 
[12] about communication features that are 
pertinent to humans and human centred systems. 
Hence, the research attention was focused on 
communication protocols that imitate such kind of 
communications also involving some intelligence 
features. In the very essence, regardless of their 

application within FMS, the intelligent 
communication protocols (IPC) are being 
developed via exploring the communication 
problems between two objects.  

In simulation investigations, the first message 
emitting object is assumed to generate messages 
randomly according to a predefined exponential 
distribution, while the other one is assumed to 
receive them. Thus the exploration via stochastic 
Petri-net focused on the following three conceptual 
models of communication between two objects: 
unsynchronised communication, Mode 01; request-
flag synchronised communication, Mode 02; and 
synchronised handshaking-type communication, 
Mode 03.   

The resulting protocols have been first tested by 
means of their application to parallel simulation of 
an FMS model [7] that imitates the test-bed system 
developed at Ransleer Polytechnic Institute, Troy, 
NY due to its considerable simplicity relative to the 
FMS structure in Figure 1 [6]. The diagram of 
communications within this latter case-study 
medium-size FMS (Figure 4), however, clearly 
demonstrates the complexity of communication 
activities. In actual simulation investigations, the 
input transition  1t   has been assumed to fire with a 
certain mean value, represented by λ ; the 
theoretical load factor is represented by variable 

tρ , obtained via the known queuing model of two-
server cyclic-operated system.  The simulation time 
with Petri-net models has been limited to 30000 
units of time, while OOM simulation with 
programmable input-output port has been restricted 
to 10000 messages sent.  

The PN model of Mode 01 protocol is given in 
Figure 5. When input transition  1t

S

 fires with a 
certain mean value, if an unprocessed message is 
still present in buffer   the new incoming ones 
will be lost. Therefore the counter  is included 
to observe the number of lost messages. Transition  

 is fired with a different mean value, 

2S
7

7t µ , and the 
old message shall be processed again should no 
new message has arrived; counter  registers 
such events.  A generator produces messages 
randomly, and during a period with no new 

10S



messages the current one is being processed by the 
receiver. Places ,  , ,  are involved in 
representing discrete-event states associated with 
the numbers of generated, processed, accepted, 
rejected messages, respectively.  

,1S 2S 3S 4S

Sλ µ

 

 
Fig. 5. FMS Communication Mode 01 

 
Simulation investigations have confirmed that the 
rate of rejected messages remains below 30% for 
load factor tρ =0.7, which is in compliance with 
the requirement for relative high independency of 
subsystem operations. In Table 1, there is given a 
comparison of protocol load factors for PN-model 
and OOM-model based simulations with respect to 
typical rate mean values , S , which also 
validates feature property of Mode 01 protocol.  
 

Table 1. Results for Mode 01 load factors 

tρ  0.8 0.9 1.0 1.1 1.2 

Sλ  5.4 10.3 5.7 10.4 5.4 

Sµ  4.5 9.3 5.5 11.7 6.5 

1ρ  0.819 0.889 0.971 1.125 1.213 

2ρ  0.805 0.907 0.993 1.112 1.211 

 
The essential feature of this protocol is that enables 
almost independent operation of each subsystem 
within the FMS.  Of course, this does imply more 
stringent requirement to the embedded intelligence 
in the two-level FMS control and supervision 
system [8]. In this respect, Saridis’ principle of 
Increasing Precision with Decreasing Intelligence 
[29] has to be observed, because it is rather 
instrumental. 

The PN model of Mode 02 protocol is given in 
Figure 6; the same symbols with same meanings 
are used in it as well. In this protocol, the status of 
the flag is being interrogated before the generator 
sends a new message. If the flag is being reset, a 
new message shall be detected and seen; otherwise 
the sender shall wait for the flag to be reset. And, 
when the flag is reset, a new message is sent while 
the flag is set.  

 
Fig. 6. FMS Communication Mode 02 

 
The receiver addresses the buffer first, and the 
status flag is set indicates that a new message is 
waiting in the buffer. Hence the receiver accepts 
this message and resets the flag. This protocol is 
equivalent to the one observed in telephone 
communication, and is similar to that of the hand-
shaking concept. Therefore its main feature is low 
waiting and high processing time of messages, and 
simulation investigations have shown that higher 
than 60%. Table 2 presents a comparison of 
protocol load factors for PN-model and OOM-
model based simulations with respect to typical rate 
mean values Sλ , Sµ , which also validates the 
feature of Mode 02 protocol.  
 

Table 2. Results for Mode 02 load factors 

tρ  0.8 0.9 1.0 1.1 1.2 

Sλ  7.4 7.6 8.2 7.99 5.4 

Sµ  7.4 7.6 8.2 7.99 6.5 

1ρ  0.988 0.989 0.999 1.00 1.00 

2ρ  0.988 0.989 0.999 1.00 1.00 

 
It may well be inferred from the PN model of Mode 
02 protocol (Fig. 6) that the flag concept yields a 
communication protocol with simplified discrete-
event dynamics. However, FMS subsystem 
operation (parallel object simulation) is no longer 
independent.   



 
Fig. 7. FMS Communication Mode 03 

 
The PN model of Mode 03 protocol, which in fact 
makes use of the hand-shaking concept, is given in 
Figure 7; again the same symbols with the same 
meanings are employed in its PN model. According 
to this protocol, first the protocol based link with 
the receiver is established, and only then the 
message can be sent. This protocol is based on the 
hand-shaking concept in computer software design. 
In the case of Mode 03 protocol, a fixed time mλ  
for message generation has been adopted in 
simulation investigations, and the excess time for 
synchronisation Sτ  has been observed. Table 3 
below presents a comparison of protocol load 
factors for PN-model and OOM-model based 
simulations with respect to typical rate mean values 

Sλ , Sµ , which also validates the feature of Mode 
03 protocol (Fig. 7).  

Table 3. Results for Mode 03 load factors 

tρ  0.8 0.9 1.0 1.1 1.2 

Sλ  7.4 7.6 8.2 7.99 5.4 

Sµ  7.4 7.6 8.2 7.99 6.5 

Sρ  0.81 0.87 0.99 1.10 1.17 

Sτ  1.67 2.89 11.98 17.86 34.46 

 
Discrete-event dynamics of Mode 03 communica-
tion protocol is also considerably simplified. Yet 
the hand-shaking concept enables inter-dependent 
synchronisation of the objects in parallel system 
simulation, hence of subsystems within FMS.  It 
may well be argued that the last two protocols, 
Mode 02 and Mode 03, achieve comparable 
performances in FMS emulation simulation. From 
the point of view of integrated control and 

supervision in operating real-world FMS and CIM 
plants, however, the latter one enables more 
suitable communication flow within the system.       

5  Conclusion   
 

Several innovated aspects of intelligent 
communication protocols for applications to FMS 
and/or CIM systems have been investigated. Three 
innovated communication protocols have been 
investigated via parallel simulation. The innovated 
developments have been derived on the grounds of 
compatible use of Petri-nets and automata in OOM 
models to describe discrete-event communications 
between subsystems (sub-processes) encompassed 
in a case study of a medium-size FMS.  

The novel results presented are based on 
compatible use of system-theoretic results on 
stochastic Petri-nets, finite-state machines and 
discrete-event simulation modelling. Insofar these 
have been validated only by simulation, but rather 
small timings and good throughput maintained 
seem promising.   
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