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Abstract - Holonic manufacturing and multi-agent paradigms 
are suitable to support tbe actual challenges of flexible 
manufac turing systems, due to their decentralisation, modularity 
and autonomy features. The formal specification assumes a 
critical role in order to understand and synthesise those complex 
systems. The Petri Nets formalism is adequate to model and 
validate the dynamic behaviour, but present weak points when 
the system contains many instances of the same component, since 
the model grows (structure and components) in a non- 
controllable manner. The use of High-Level Petri Nets, allows to 
reduce this complexity, by compressing the representation of 
states, actions and events, to overcome the identified limitations 
and to support more complex and bigger coordination scenarios. 
This paper presents a formal specification of the ADACOR 
product holons using High-Level Petri Nets and the associated 
formal validation of the model. 

Keyworcls: Flexible Manufacturing Systems, Holonic 
Manufacturing Systems, Coloured Petri Nets, Formal 
Specification, Modelling. 

I. INTRODUCTION 

The flexible manufacturing systems are complex and 
stochastic environments requiring the development of 
flexible, agile and intelligent management and control 
architectures that support small batches, product diversity, 
high quality and low costs, imposed by global markets. 
Holonic and multi-agent approaches seems to be suitable to 
face these requirements due to their decentralisation, 
modularity, autonomy and re-use control software features. 

In the last years, several architectures and developments in 
holonic manufacturing were reported, covering different 

application domains, such as manufacturing scheduling and 
control, materials handling, machine controllers and assembly 
systems, as referred in [l-51, and others compiled in [6]. 

One of these holonic architectures, proposed during the last 
two years, is the ADACOR (Adaptive Holonic Control 
Architecture for Distributed Manufacturing Systems) 
architecture [7], which aims to improve the performance of 
control system in industrial stochastic scenarios, characterised 
by the f?equent occurrence of unexpected disturbances. 

ADACOR is based in a set of autonomous, cooperative, self- 
organised and intelligent holons, grouped into four main 
holon classes, Fig. 1: product, task, operational and supervisor 
holons [7]. 

Each available product is represented by a product holon that 
contains all knowledge related to the product and process. 
Production orders to be executed in the factory plant are 
represented by task holons, which are responsible for the 
control and supervision of their execution. The operational 
holons represent the manufacturing resources, such as 
operators and robots, managing its behaviour and agenda 
according the resource goals, constraints and skills. The 
product, task and operational holons are quite similar to the 
product, order and resource holons, presented at the PROSA 
reference architecture [ 11. The supervision holon, presents 
different characteristics than the staff holons defined in 
PROSA, introducing coordination and global optimisation in 
decentralised control approaches, coordinating several 
operational and supervisor holons. In normal operation, the 
supervisor holon supervises and regulates the activity of the 
holons under its domain, while when a disturbance occurs, 
these holons may have to find their way without the help of 
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the supervisor holon. The supervisor holon is also responsible 
for the group formation, based in pre-defined clusters of 
holons, combining synergies, aggregating skills and offering 
the combined services to external entities in the 
manufacturing system. These groups can be formed to build a 
shop floor, a manufacturing cell, or a machine equipped with 
a set of tools, assuming the supervisor holon the control role 
of each group. 

pracess 
planning lwel 

supervision 
level 

coordination level 
(only In stable 

-+-------- +-  
E 

Fig. 1 Interdependency between ADACOR Holon Classes 

In order to formalize the structure and the behaviour of the 
holonic manufacturing control systems, and to validate its 
behaviours and particularity to analyse the co-operation and 
interaction between the distributed holons, aiming to 
understand and synthesize the structure and behaviour of the 
system, it is important to count with a formal modelling 
methodology. 

The modelling of the dynamic behaviour of the system 
requires a formal tool that captures characteristics like 
concurrency or parallelism, asynchronous operations, 
deadlocks, conflicts solutions and resource sharing, which are 
inherent to ADACOR. Additionally, it is crucial that the 
formal modelling tool has the capability to validate the 
behavioural characteristics of these event-driven systems, as 
also the analysis of other important aspects, such as the 
deadlock detection and the performance analysis. 

The methodology proposed in [8] for the formal modelling of 
holonic applications, as illustrated in Fig. 2, combines the 
UML (Unified Modelling Language) and the PN modelling 
tools. UML is an object oriented based modelling tool that is 
adequate to model the structure and the static aspects of a 
manufacturing system. In the proposed formal methodology, 
the static aspects are modelled using mainly the class 
diagrams, which show the classes of objects in the system, the 
attributes and methods for each class, and the relationships 
between the objects. 

manufacturing system 

I 

I ix Ol 

intergtbn hagrams 

I ./-J I 

Fig. 2 Modelling a Manufacturing Control System 

The UML modelling tool doesn’t support efficiently the 
modelling of the dynamic behaviour aspects and the formal 
validation of these specifications. On the other hand, the PNs 
is a formal modelling tool, both graphical and mathematical 
that seems adequate to model and analyse the structure and 
the dynamic behaviour of complex event-driven systems with 
high distribution degree. In comparison with UML, the PN 
formalism allows designing the control system behaviour, but 
also to formally validate and verify the behaviour of the 
system, based in a strong mathematical background inherently 
embedded in the PN formalism. In this sense, the proposed 
methodology uses the PN formalism to model the dynamic 
behaviour of the holonic manufacturing control system. More 
details about PN theory and mathematical fundamentals are 
out of the scope of this work, but can be found in the 
following references [9, 101. 

The formal methodology described in [8] to model the 
behaviour of the ADACOR-holon classes in a bottom-up 
approach, uses a kind of Petri net tailored for production 
management and control modelling purposes. The individual 
model of each holon uses special temporised transitions to 
model activities execution, that can be exploded into a more 
detailed and refmed level. These sub-models, according to the 
degree of refinement, are the different software control 
modules of the hardware, i.e., a formal representation of the 
holons. The edition, simulation, analysis and formal 
validation of the structural and behavioural specifications of 
the ADACOR-holons can be found in [l I]. 

However, in industrial manufacturing applications, the PN 
models become highly complex and difficult to handle and 
the developed models for the holon classes present some 
limitations. The modelling of simultaneous execution of 
different instances, such as the modelling of different 
resources using the same operational holon model or different 
product instances using the same product holon model, is a 
complex task that cannot be covered by the PN-formalism 
proposed in [8]. 

The use of High-level PN, such as those proposed in [12], 
allows reducing this complexity, by compressing the 
representation of states, actions and events, to overcome the 
identified limitations and to support more complex and bigger 
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coordination scenarios. In this case, for example each product 
has a colour-tone, allowing to have the same model as many 
times as the number of colour-tones. 

This paper is organised as follows: First, Section 2 presents 
the formal notation and Section 3 the basic concepts and 
formal definitions associated to the Coloured Petri Nets. In 
Section 4 it is described the CPN model of one ADACOR 
holon, the product holon, that allows to model the 
simultaneous execution of different instances, supporting 
more complex and bigger coordination scenarios. Section 4 
discusses the correctness of structure and behaviour of the 
model. Finally, Section 5 rounds up the paper with 
conclusions. 

II. NOTATION 

The notation that will be used in the formal modelling using 
High Level Petri Nets, will be briefly presented. 

Consider N as the set of non-negative integers and Z as the set 
of integers. Let R be a finite set. The set of functions from R 
to N is denoted Bag (a). 
An item a of Bag (0) is denoted xa,,.u where the summation 
is over U E R. It is also called a multi-set a. 

A partial order on Bag (R) is defined by: 

aSb i fandon ly i fVu  E R,a,,Sb, 

The sum of two items of Bag (R) is defined by: 

[a+b= x (a,,+ b.).~], V U E R 
The inner product of two items of Bag (R) is defmed by: 

[a.+ x (au. bJ], V U E R 
Then <u,>.<u,>=O if i;tj and <u,>.<u,>=I if i=j 

a,,= a<u> show the multiplicity of the element U E R. 
Let A and B two finite non-empty sets, then a function f E [A 
+ Bag (B)], where a and Bag (B) are non-empty sets, can be 
uniquely extended to a linear function fefi E [Bag (A) -+ Bag 
(B)] called the multi-set, 

t: V c E Bag (A): fkxf(c)= x c(a).f(a), V a E A 

As an example, consider the sets A={al, a2, a3) and B={bl, b2. 
b3, b4). Then we obtain: 

1) multi-set msl= al + 2.a2 + a3 and multi-set ms2 = a2 + 

2) if 

4.a3 are both members of Bag (A). 

f E [A -+ Bag (B)] is defined by f(al)= bl + 2.b3; 
f(a2)= b2 + b3 + b4; f(a3)= b3 + 2.b4 

then V c E Bag (A), 

fext(c) = c(al).(bl + 2.b3) + c(a2).(b2+b3+b4) + 
c(a&(b3+2.b4) = c(al).bl + c(a2).b2 + [2.c(al) + c(a2) 
+ c(a3)l.b3 + tc(a2) + 2.c(a3)l.b4 

Remarks: In this work we use the terms function ,,f' and its 
linear extension function ,,fext" in the same way. 

111. COLOURED PETRI NETS 

A. Introduction 

Coloured Petri Nets (CPN) are mathematical-graphical 
oriented formalisms for design, specification, validation and 
verification of concurrent systems [13,14]. A CPN is 
particularly well suited for systems where communication, 
synchronization, concurrency and competition on shared 
resources are important relationships. Typical examples of 
application areas are communication protocols, distributed 
systems, embedded systems, flexible manufacturing systems 
and workflow analysis. Without loss of rigor, the rest of the 
paper concentrates on their application in the holonic 
manufacturing area. 

CPN have got their name because they allow the use of tokens 
that cany data values and can be distinguished from each 
other, in contrast to the tokens of low-level Petri nets, which 
by convention are drawn as black-dots. 

B. Definitions 

Let's recall here, under the definitions of a CPN, the firing 
rule of transitions, the incidence matrix and the net flows. 

Definition 1: A CPN is a 7-tuple, [15], 

CPN= <P, T, C, I?, I-, G, Md 
satisfying the following requirements: 

- P= {pl, p2, ..., pm} is a finite set of places. 

- T= {tl, t2, ..., tn} is a finite set oftransitions 

C is the colour function defmed bom PUT into R; R is a 
finite and not empty set. C(s) is called the colour set of 
,$', and an item of C(s) is called a colour of $'. C 
attaches to each place a set of possible token-colours C@) 
and to each transition a set of possible occurrence-colours 
or fving modes C(t). 

If ( 1.) are respectively the input function and the output 
function defmed on PxT, such that 1' (p,t) is a function 
born C(t)xC(p) to N (i.e., a function from C(t) to Bag 
(C(P)), V ( P 4  E PxT. 
Notation: It is noted I+, I-(p, t, c,), where c, belongs to 
C(t), the corresponding item of Bag (C(p)). 't and t' are 
the backward (pre-conditions) and the forward (post- 
conditions) set of places for the transition t. 

- G is the guardfitnction, defined from T into expressions 
of type Boolean, (i.e., a predicate), such that 

V ~ E T :  

[Type(G(t))= Boolean A Type(Variable(G(t))) s C]. 
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V t E T A Vc,,, c,,, & E c(t) 

3 G&,(t)= (ql A q, (-&) A . . .), iitj+k. 

Each G&,(t) is a Boolean function of occurrence modes, 
related to the transition t, where Q is a Boolean variable 
+ (-Q)= 1 exactly when Q= 0. 

According to this definition, a standard form of a Guard 
function is described bellow: 

G(t)= G&l(t) v G&2(t) v G&,(t) v... 

- MO is the initial marking of the net. It is a function 
defined on P, where MO@) is a function ftom C(p) to N 
(i.e., an item of Bag (CQ)), V p E P. 

The M(p) and Mo(p) markings give respectively the 
number of coloured tokens in the place ,,p" for the 
current and the initial marking. 

Definition 2: The firing rule for CPNs is defined by: 

- A transition t is enabled for a marking M and for a colour 
mode c, E C(t) if and only if V p E 't, M(p) L I-(p, t, q). 

- The fving of transition t for a marking M and a colour 
mode c, E C(t) gives a new marking M' defined V p E P 
by, 

M'@)= M(P) - UP, f 4 + 4 4 (1)  

Definition 3: The incidence matrix I of a CPN is defined by 

IQ, t, c,)= I+(P, t, ct) -UP, t, c,) 

Then I is a function ftom C(p)xC(t) to Z. I(p, t, c,) can also be 
viewed like a matrix of R(p, c)xR(t, c') of integers, where the 
first union is over p E P and c E C(p) and the second union is 
overt E T and c' E C(t), by the simple transformation I((p, c), 
(t, c'))= I(P, Nc, CY), 

Definition 4: A positive weighted set of places is a function S 
defmed on P, such that 

The operator "." is the generalization of matrix multiplication, 
by substituting each product for a function composition. 

Definition 5: Let be the equations system 

XT.I=O 

VT. M'= vT. M because vT. I= 0 (2) 
The set of place-flows (p-flows) E of a CPN is defined by 

E= {v: vector of coloured places / vT . I= 0) 

The equation (2) is called a linear invariant of markings 
(place-invariants). 

Definition 6: Let be the equations system 

I. xT= 0 

If x=w is a solution and if equation ( 1 )  is multiplied on the 
right by wT, for all reachable markings M and M', then 

M' . wT= M .  wT+ I .  wT 

where wT is a vector of the positive weighted set of transitions 
(firing modes of transitions) with dimension Card(T). 

(3) 
The set of transition-flows (t-flows) F of a CPN is defined by, 

F= {w: vector of firing modes of transitions / LwT= 0) 

The equation (3) is called a linear invariant of fvings 
(transition-invariants). 

In practice, there are some kind of colour domains and colour 
functions, which are frequently used. These are called 
standard colour domains and standard functions (for more 
information, the reader should consult [15]). 

M' . wT = M . wT because I .  wT= 0, and M =  M 

Definition 7: A set R, is called "basic (standard) colour 
domain" and its elements "colour tones". SZ, can be extended 
to the ring (R, , 63, O ) ,  where the arithmetic functions @ and ' 
are executed module s (s is the cardinality of 0,) [15]. 

For example, a standard colour domain in this work can be 
defined as PH= (ph,, ph2, ...,p h,). PH is the colour 
product-holon and each element is a product holon (colour 
tone ph,). 

U: The basic colour domain Cl,={<*>} is the set, which 
unique element is the discoloured token corresponding to the 
classical definition of marking [9]. 

Definition 8: A complex colour domain is defined as the 
Cartesian product of two or more basic colour domains. 

Definition 9: The Universal colour domain R* of the net will 
be the Cartesian product of all basic colour domains. That is 

If x = v is a solution and if equation (1) is multiplied on the 
left by 6, for all reachable markings M and M', then vT . M= 
vT . M + vT . I . D, where D is a vector of the positive 
weighted set of transitions (fuing modes of transitions) with 
dimension Cardinal Card(T). 

Q*= nj E 

<ol, %, ..., 
a, and v a* E Q* a*= <a1, a2: ..., a>= 

Definition 10: The colour functions associated with the arcs 
of the net are the elements of the matrix 1' (I-). They are 
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defined V o* E R* and they are built from the following 
basic (standard) functions or their linear combination [16,17]: 

where MO [ a> denotes that the sequencea may be fred at 
MO, and MO [ a> Mk denotes that the firing of CJ yields Mk.. 

- Projection function (Proj), which selects a component o j  D. Graphic Representation (colour) of an item o*; 

- Identity function (Id), which selects all the components of AS example, consider Fig. 3 that depicts the graphical and 
data structure of a sample CPN tailored for holonic control 
system specifications. 

an item a* ; 

- Successor (Succ) I Predecessor (Pred) function, which 
selects some successor or predecessor of a component of 
an item. For example, the 3“ successor of the k* colour of 
an item o* is defined as follows: 

succk3: R* -$’ R*: <dw], 0 2 ,  ..., %, ..., w) (o[, 
~ 2 ,  ..., a693, ..., %)>, V k E Q; 

- Decoloured function (Abs), which transforms a coloured 

Remark It is possible to build a composition of standard 
colour functions. For example, if SucckJ: R* -$’ R* and Prol,: 

marking in the uncoloured token <a>. 

I=Nl-=~- 

h=--nl=ir, I , J  “(Pa,,, J u~~‘-colorn’=nlxm=(y~r,p4>i 061 =[r,npa,l 

Gh2 = Ir,np2] G63 = [,,A p.J & s _ F u ~ s . u z ,  <r, p> = <r, y.,> ld m.= y prql y = <r,> a* flk then Pr@.SucckJ: a* -$’ Rk. 
m WI = ‘ P V  

C. Dynamic Behaviour 

The net evolution, i.e., dynamic behaviour, is supported by 
the f ~ n g  of the transitions, which is characterized by the 
movement of tokens between places. At least two aspects are 
represented by the evolutions (when a transition fires and the 
CPN evolves from one state to another one): the first one 
expresses serial and concurrence events that can be observed, 
i.e., the interaction states achieved by the agents. The second 
aspect describes the causally precedence that exists among 
production components, i.e., physical agents, and interaction 
acts occurred during production control and management. 

Definition 11(Firing Rule): If a transition or firing-mode is 
effectively enabled, then it can be fired. 

Definition 12 (Evolution Rule): The firing of a transition or 
a firing mode ti issues a change of the state of the net (change 
of the marking), which can be represented as follows: 

being A40 and Mfthe initial and final markings (states). 

The evolution of the net is characterized by the token-game, 
i.e., flow of marks between places. 

Definition 13 (Sequence of firing): Afiring sequence from a 
marking MO is a (possibly empty) sequence of transition sets 

C= t i t 2  ... tk  SO that MO [ ti > MI [ t2  > M2 .... [ tk > Mk 

Fig. 3 A Coloured Petri Net Model 

The circles of the net are called places and represent the states 
of the modelled production resources, i.e., manufacturing 
units plus mechatronics components. The marking of each 
place belong to a specific set of coloured tokens. In this case, 
each place can contain a set of markers called tokens carrying 
a data value, which belongs to a given type or set of types. In 
the example of Fig. 3, the marking of the place p l  belongs to 
the set of robots represented by different robots types, and the 
marking of the place p4 belongs to the set of products 
represented by different types of pallets. 

The rectangles are called transitions and describe the 
manufacturing activities. In the example of Fig. 3, the 
transition tb is modelling an Assembly Task. That is, the 
robot is placing a part in the pallet. 

The arcs connect places with transitions and transitions with 
places. They have an attached arc function (expression), 
which describes how the state of the CPN changes when the 
transitions are fued. 

Guards are associated to the transitions. They represent 
restrictions to the type of data value, i.e., coloured marks, that 
a transition can move during its firing. They are also called: 
transition f~ng-modes.  To be fired with respect to a f ~ n g -  
mode, a transition must have sufficient tokens on its input 
places. In this case, the tokens must take values that match the 
arc expressions, and they must belong to a type that match 
also the guards associated with the transition. A transition is 
said then “effectively enabled”. 
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IV. MODELLING THE BEHAVIOUR OF THE ADACOR 
PRODUCT HOLONS USING HIGH LEVEL PETRI NETS 

In this section, one of the ADACOR holon classes, namely 
the product holon, will be modelled using High-Level Petri 
Nets, illustrated in Fig. 4, with the formal notation, previously 
described. The number of product holons present in the 
holonic manufacturing control application is dependent of the 
manufacturing contextualization, but one and only one model 
of a product holon is needed. This complex model is capable 
to represent all products and their instances. 

A. Colours Definition 

The initial phase in the modelling of product holon class, 
using High-Level PN, is the definition of the colours related 
to the product behaviour. During the holon life-cycle, these 
colours will be managed by the functions associated with the 
structure of the holons present in the holonic control system. 

According the Definition 7, the basic colours defined in this 
work for the product holon model are: 

-PH = {phi, ph2, ..., ph.}, which are all possible product 
holons in the system. In case of 1000000 product holons 
present in the system, the n value is related to 1000000; 

-Or = {orl, or2, ..., or,,,}, which are all possible production 
orders in the system; 

-WP = {wpl, wpz, .., wpl), which are all possible work 
plans in the system; 

-RMP = {rmpl, rmp2. .., rmp,}, which are all possible raw 

-TH = {th,, thz, .., &}, which are all possible task holons 

Some complex colours, according Definition 8, are also 
defined from the product of two or more basic colour 
domains: 

materials and parts in the system; 

in the system. 

- ClI2 = PH x Or = < ph,, or, 2, which represents a production 
order or, for the product represented by the product holon 
ph, (since each product holon can have several instances 
running at the factory plant). 

-nlZ3 = PH x Or x WP = ( mk= < ph,, orJ, wp, >}, 

-n12~= PHx Or x WP x RMP= < ph,, or,, Wp,, rmph >, 

-Q212M5 = PH xOr x WP xRMP xTH = < ph,, orJ, wp,, 
rmph, th, >, which is the universal colour in the model, i.e. 
the Cartesian product of all basic colour domains. 

One possible colour in real time associated with a real 
softwarehardware component is presented in Fig. 5 .  

B. Functions Definition 

In a CPN model, each input and output arc have associated a 
function that manipulates the colours components, by 
removing appropriated components from the input elements 
and putting appropriated components in the output elements. 
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In the product holon model, the following functions were 
defined: 

-proj l .q  = < ph, > , is the projection function that filters 
the ph, colour. 

- p r o j 2 . ~  = < orJ > , is the projection function that filters 
the orJ colour, creating a new instance of a production 
order. 

-proj3.q = < wp, > , is the projection function that filters 
the wp, colour. 

- proj4.q = < rmph > , is the projection function that filters 
the rmpb colour. 

- proj5.W = < thr > , is the projection function that filters 
the th, colour. 

-projl2.y, = < ph,, orJ > , filters composed sub-tuples in 
order to get refined information, in this case the pair 
product holon (i) and production order 0). 

-proj123.@ = < ph,, orJ , wp, > , filters W, returning the 
pair product holon (i), production order 6 )  and work plan 
(2). 

-proj1235.q = < ph,, orJ , wp,, th, , filters q, returning 
the pair product holon (i), production order G), work plan 
(z) and task holon (r). 

- succ3,.wak= < ph,, orJ , wp,,, > , wp, being one possible 
Work Plan of the set W, the function S U C C ~ ~  selects the 
"y" successor of the wp,, according projl, proj2 and proj3 
functions, i.e. that wp that matches with the current 
product holon-production order pair. 

-succ4..~ rmn > = < r m ~ h + ~  > , returns the x successor of 
the rmp component, i.e. the next rmp component in the 
product structure. 

- id.% = q, which is the identity function, i.e. this function 
applied to a specific colour gives as result the same colour. 

A transition that represents the selection of two distinct 
actions or the result of a decision for an component has so 
many firing modes as holons of these types were defined. 
Only by filtering it will be possible to know which action will 
be performed or which component is taking the action. As 
example, in the model to know if all raw material and parts, 
necessary to execute the product, are available, it is used a 
guard function that selects the flow of the tokens. The guard 
G=[rIrmp,=l] has the True Boolean value if all instances of 
RMP colour domain are True, i.e. all raw material or parts are 
available to produce a product. Otherwise, this guard function 
is false, but the guard G=[nrmp,=O] has the True Boolean 
value, re-directing the flow of the tokens to the need to 
request the missing raw materials or parts. 

Analysing in more detail the product holon model, it is 
possible to verify that it contains recursivity. In the case that a 

P10 

P11 

sub-product is requested through the "request of missing raw 
material and parts" activity, this model is recursively 
invoked, implying a production order (belongs to Or), and the 
sub-product will be considered by a product holon (belongs to 
PH). 

{<ph3. orj, WPS, thp>) 

v. FORMAL VALIDATION OF THE MODEL 

Taking into consideration the exemplary marking presented in 
Fig. 5,  which represents a state of the net depicted in Fig. 4, 
the following are some of the specifications that can be 
validated 

-There are two products with their corresponding 
production orders that are being currently processed: 

The product holon ph,, which is in charge of the 
production order or2, has already assignedelaborated a 
work plan (wpk) to the product and is ready to start the 
verification of the availability of parts and raw material 
that are necessary for the production process. 

The product holon ph3, which is in charge of the 
production order or,, has already finished the 
verification of available parts and raw material and it 
has also synchronised its actions with a task holon 
(thp). The last is ready to start with the control of the 
execution of the production order using the work plan 
wps 

-The system is ready to initiate the process of (n-2) new 
products, to process (m-2) new orders, to assign (1-2) work 
plans, and to synchronize the activities with (q-1) task 
holons. 

Example of Marking 
I p1 I { < P ~ I > ,  <ph2>, ,<ph4>, <ph(i-l)>, <ph(i+l)>, , <phn>) 

I {(X[i: 1-11 wpi) - Wpk-wps) I p4 I 
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PI 
P3 

P3 I p rojl I 0 
P4 I 0 I 0 

Place-flow 1 I Place-flow 2 
1 0 
n I n 

proj 1 

P7 
P8 proil 

1 7  , I 

PI0 I projl I proj5 
P11 I omi 1 I Oroi5 

Fig 7 Place-flows of Incidence Matrix 

As an example, two place-flows of the Incidence matrix are 
shown in Fig. 7. These sets of place-flows generate a set of 
place-invariants (PI). For example: 

PIl: 

M(Pl)+<ProJ I >  [M(P~)+M(P~)+M(P~)+M(P~)+M(P~O)+M(P~ 1 )I= 
Mo(p 1 )+<prOJ I >  [Mo(~~)+Mo(~~)+M~(P~)+M~(P~)+Mo(P IO)+Mo(p 
1 1 )I= I-“] <ph? 

P I 2  
M(p9)tcprojS> [M(p 1 O)+M(p 1 1 )]=Mo(p9)+<prOj5> [&(p 1 O)+Mo 
(PI 1 )I= 1-11 <W 

The processing of these invariants allows the validation of 
different specifications, for example: 

Proposition 1: At any one time, the maximum number of 
product holons that can be set into operation by ADACOR is 
limited to n, i.e., the initial marking of place pl, of the net 
depicted in Fig. 4. 

- Proof From PI1, ifthis is multiplied by <phi>, then 

Vw‘=<phj,or,,wpl,rmp~,th,> E Cl’ 

<phi>. {M(pl)+<proj 12. [M(p3)+M(p5)+M(p7)+M(p8)+M(pI O)+M( 
pll)l)= 
=<Phi>. {MO(pl Fproj I> .  [M~(P~)+M~(P~)+M~(P~)+M~(P~)+M~(P 1 
O)+Mo(pl I)]) = <phi>.Zl, I.ll.<phi> = n 

With this equality it is possible to conclude that, 

<ph,>.<proj 1 >. [M(p3)+M(p5)+M(p7)+M(pS)+M(p 1 O)+M(p 1 1 )] i n, 
i.e the number of product holons in activity, 

and 

<ph,>.M(pl) 5 n , i.e. the number ofproduct holons idle. 

The proof is straightforwardly obtained h m  both un- 
equalities. 

Corollaryl: For the exemplary state of the model presented 
in Fig. 3, the application of the results of proposition 1, when 
the product holon <ph3> is assigned, renders the following 
main conclusion: 

<ph3>.~proj1>.[M(p3)+M(p5)+M(p7)+M(p8)+M(plO)+M(pl1)] = 
= <ph3>.<projI>.[O~phi, or2, wpkz+r. {(XL,: 1-11 rmp,))+O+O+{(Z,i, 

= <ph3>.[0+0+0+0+<ph3z+0]= 1 

and 

<phn>) = 0 

This means, that at any one time, a product holon can only be 
assigned to the process of a product. 

Corollary 2: It is possible to formal validate that a product 
holon can be assigned to produce at any time different 
orders). Since the colour sets defined in Section IV-A are 
Bags, a colour tone can be present with a given multiplicity, 
i.e., u.<phi>. This means that additionally, a product holon 
can at any time handle the execution of several different 
orders, in the maximum of rn (cardinality of the set Or). For 
example, an order or(2) to produce the product A with due 
date D1, ..., and an order 0412) to produce the product A with 
due date D4. 

Remarks: The ADACOR architecture (see [7]) was developed 
following the specification that a task holon needs of the 
following informatiodelements to supervise the execution of 
a production order: information about the production order 
(quantity, due date,...), the physical availability of raw 
material or parts that belongs to the product BOM, and a set 
of process plans that indicates how to produce the product. At 
the end of execution, the task holon provides to the product 
holon some information related to how the production order 
was really executed, such as start and end dates of each 

1-11 W- thql+{<ph3, Orj, WP~. t h p > ) l  = 

<P~~>.M(P~F <ph>.{<phl>, <phz>. . .. ,ph4, <Ph(i-il>> <Ph(i+i,>,.. , , 
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operation, the indication about the resources that executed the 
operations, etc. 

Proposition 2: At any one time, the maximum number of task 
holons that can be set into operation by ADACOR is limited 
to p, i.e., the initial marking of place p9, of the net depicted in 
Fig. 4. This value is equal to the sum of all production orders 
launched to the shop floor to be executed (those in places p10 
and p l  l),  plus the set of task holons that are already idle. 

- Proof Immediate from the structure of place-invariant 
relationship P12. 

Corollary: The transition t4 models activities related to the 
decision if all raw materials and parts are physically available 
to produce a product. The transition t7 models the production 
order execution. This transition initially launches the task 
holon (or starts or gives the indication to the task holon), 
passing the production order information and a set of process 
plans. After that, the control is passed to the task holon (firing 
colour of the transition t7), which is responsible for the 
execution of the production order. When the production order 
is finished, the task holon returns the control to the product 
holon passing back information about the order execution, by 
means of the firing of transition t8. The mutual exclusion 
relationship between the markings of p9, p10 and p l l ,  is 
closed related to the firing sequence associated to the set of 
transitions addressed above. 

VI. CONCLUSIONS AND FUTURE WORK 

The formal specification of holonic control systems assumes a 
crucial role to understand and synthesize the behaviour of 
complex and concurrent systems, such as the flexible 
manufacturing systems. 

A brief overview of the latest works published in the area (see 
e.g. [19, 201 and our last reports [SI and [ll]) allowed us to 
identify a set of weak points in using the PN-formalism and 
other similar extensions of this tool. This is particularly true if 
the system presents many instances of the same component 
(e.g., n resources need n operational holons). In this case, the 
model will grow (structure and components) in a non- 
controllable manner. In our opinion, the use of High-Level 
PN, allows to reduce this complexity, by compressing the 
representation of states, actions and events, to overcome the 
identified limitations and to support more complex and bigger 
coordination scenarios, like these presented here. 

In this paper a High-Level PN formalism, i.e. Coloured Petri 
Nets, is used to model the dynamic behaviour of ADACOR 
product holons and formally validated this model allowing to 
verify and optimise the hnctioning of the system. 

Applying the same methodology, the set of specifications of 
the behaviour of each ADACOR-holon and of the whole 
ADACOR-control system can be validated, and of course 
optimised. 
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