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Exploiting Formal Methods to Simplify the
Modeling of Flexible Manufacturing Systems

Joceleide D. C. Mumbelli Marcelo Rosa Patrik B. Schettert rddi Teixeira

Resumo—Flexible Manufacturing Systems (FMS) tend to be to automatically calculate their optimal operational sstes.
large, complex and to depend on an increasingly numerous and However, those methods require a modeling structure ag,inpu

intricate set of requirements. To be properly controlled, aFMS  \yhjch jtself can be infeasible to handle for large and comple
requires software engineers to combine thousands of progna- processes

ming rules, empirically addressing parallelism, concurrecy, etc. ; .
Yet, in the end there is no quality guarantees about the imagied In this paper, we present an example of a FMS for which
solution, as human-centered development practices depenth an optimal coordination logic would depend on an intricate
the designer’s inspiration to be conducted. In contrast, fanal  structure of models. We start by showing how the system could
approaches for FMS control (such as theSupervisory Control be modeled by using the conventional theorylainguages
Theory), allow to automatically calculate optimal operational . L

sequences to industrial processes, but they require a moiet gnd_Autor_nata[4], [5]. Using this initial structure of models,
structure as input. This itself can be infeasible to be obtaied it will be illustrated how complex can become the task of co-
for large and complex processes. In this paper, we present an ordinating the system if we consider the reasonable pdisgibi
example of a FMS for which an optimal control logic would of manufacturing more than one type of product in parallel.

depend on an intricate structure of models that could make a ; ; ; ; .
solution infeasible to be derived by hands. Then, we descréband The case will be _|ncrementally_|IIustrated until the modgli
task can be considered unfeasible.

apply a formal alternative that can substantially reduce maleling )
effort, while leading to an equivalent resulting model, wheh can Then, we present a formal alternative basedEotended

then be used as input to control synthesis algorithms. Automata that can substantially reduce modeling effort pro-
Index Terms—Flexible Manufacturing Systems, Formal Mod-  ducing more concise and readable models, while keeping
eling, Complex Programming. equivalent resulting behavior, which can then be used as
I. INTRODUCTION input to control synthesis algorithms. A ;tep—guide to tls_xe u
of Extended Automata to model industrial processes is also

A Manufacturing Syster@MS) refers to an industrial pro- rovided and illustrated in the context of the same example o

duction process through which materials are transformex irﬁ

: . : MS, which allows the approaches to be compared.
products by integrating people, equipments and technology. . ) . .
; L The paper is structures as follows: Section Il introduces
[1]. When a MS is context sensitive, i.e., it reacts to change

occurred in the factory and starts to behave differently, Some preliminaries on FMS modeling and coordination; Sec-

4] : ;
different situations, then the systems is said tdleribleand tion ”! presents an ex_amp!e that_ motivates _the alternative
. . ; modeling method described in Section IV. Section V proposes

the whole structure is calleBlexible Manufacturing System

i a methodology for the modeling of complex FMSs, which
(FM.S) [2]. N(_)wadays, FMS.S represent_ an opportunity fo|£ followed by an example. Conclusions and perspectives as
shifting from fixed to customized production and, when ass@:. - ussed in Section VI
ciated to computational technology, e.g., web and intefiicg, '

they lead to modern advanced methods for industry. [I. PRELIMINARIES

In spite of the practical relevance, the current standards .
P P ’ FMSs are maybe the most representative example of a class

of industrial processes suggest that FMSs tend to be Iarg?'systems callediscrete Event Systen{®ESS) [4]. DESs
complex and to depend on an increasingly numerous and s '

tricate set of requirements. This makes it difficult for a FI4S 3Vt?1emti(r:r(1)e:nrgsp Jyeiéi?;t:]h;tgzggrtirr?g;ﬁ'lgﬂ? ap:reOg?ets%lijrllzed

be approached using trad?tional programmir_lg. To be PrYPeL o system:5 in many different and unpredic’table manners.

coordinated, a FMS requires software_ engineers 0 (.:0mbllrt1€|s conceivable that modeling DESs is also different from

thousands of programming rules, empirically addressing p"?Inodeling time-dependent systems. While the latter can be

allelism, concurrency, etc. Yet, in the end there is no dquali ; : . .
uarantees about the imagined solution, as human-centea}ggressed’ for example, by using differential equatioBss

9 . 9 " ... . are more naturally modeled by state-transition diagrarss, a

development practices depend on the designer’s inspir&tio described next

be conducted. In contrast, formal approaches for FMSs coor- '

dination (such as th8upervisory Control Theorf3]), allow A. EMS Conventional Modeling

The authors are with the Academic Department of In- Languagesare formalisms that can be used to describe

formgﬂcs ) (DA'L'J\‘TFF)PROf tge Fegera' U”g’ersi}y . of lTe.Cfé”O'Ogy discrete-event behaviors [4]. Their basic structure ewents
- , t , cel el de, . ..
mar Caerf";? Os(a’ pat)ri k}a@2| unga;_cﬂt £ prrf"se'dﬂ_%r, which are taken from a finitalphabet:, whereX* denotes the

mar cel ot ei xei ra@ut f pr. edu. br). set of all finitestringsgenerated by events froh, including
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the empty stringe. A subsetl C ¥* is called alanguage From the synchronous compositiol) (of automata (FA
The prefix-closureof a languagel is L = {s € ¥* | st € or EFA), it becomes possible to modularly design an entire
L for somet € ¥* }. system model (also known as plan® by composingm

A languagel it is said to beregular if, and only if, it subsystem models = | G*. Similarly, control rules can be
can be recognized by finite-state automata [6]. In industiypposed by specifications models which are individually
regularity is of interest, as it delimits a class of languagexpressed and composed afterwards to fatm= ||;?:1E-7'.
that are suitable for computational processing, i.e., tt@y This step-by-step procedure tends to facilitate modekss.
be represented by automata that occupy finite memory whéfhen combinedG andE lead to a structur& = G ||E, such
stored in a computer [4]. that L¥(K) C L“(G), that reflects the desired behavior under

A Finite State AutomatgFA) define a simple and power-control. This structure can then be translated to impleaigat
ful framework to formally recognize languages that deserimotations using automated tools for code generation [7].
discrete behaviors and their properties. A FA can be fogmall When a FMS involves partially-controllable behaviors, it
represented as a 5-tuple= (X, @, ¢°,Q“, —), where:X is  has to be controlled in a way to recognize the impossibility
the alphabet of events) is the set of states;® € @ is the of disabling some its events. Ti&upervisory Control Theory
initial state;Q“ C @ is the subset of marked states (complet¢SCT) [3] is a formal alternative that allows to extract,
tasks);— C Q x ¥ x @ is the state transition relation. from a FSM modelK, its least restrictive, nonblocking and

For two any stateg, ¢, € @, we denote byy; > g2, @ controllable sub-modek’, which can then be used for im-
transition from the state; to g, with the evenr € £. G > ¢ plementation purposes. In this cade(K') is associated to
denotes that a stringis possible in the FAG. Two languages the specific sub-language that more closely approximaves fr
can be defined fron: L(G) = {s € &* | G > ¢ € Q}; L(K), preserving controllability with respect (G ) without
L¥(G) ={seX* | G > qe Q). L(G) is thegenerated violating any requirement if.

language containing all strings possible i@, while L«(G) is In spite of the advanced alternatives for calculating aaintr
the marked languagei.e., the set of strings leading to markedolutions for FMSs, such as SCT, its several extensions and
states. related tooling support, remark that computiigdepends on
Two FA, A = (£,,Q,,¢%,Q%,—4) andB = (X5,Qy, having modelsG andE. This itself is a human-centered task
a5, Q%. —p), can be synchronously composed by: that depends on the designer. In this paper, we argue tha som

FMSs may involve a complex combination of events, such that
G and/orE can be too much difficult to be manually structured
AIB=(3,UX X a,qp ), Qy x Qg,— . .
I (¥ U ¥, Qa < Qg (43, 45), G < @5, =), (see example next). For these cases, we propose in Section
in which: IV an alternative that can substantially reduce modelirfigref
o (qa,q8) > (¢4, q)), if 0 € ZA NTp; while preserving the same behavior Iéf

g

e (qa,qB) = (d4,qB), if 0 € ¥a \ Xp;

o (qa,q48) > (qa,q5), if 0 € Sp \ Sa. . o o .

In |, the events shared by the two FA are synchronized, The main problem approached in this paper is dimensioned
while other events are interleaved. Fig. 1 illustrates the of 1" this section. For that, we use an example of a real indalstri

Il. AN EXAMPLE

the operatol]| to compose two FA andB. process, in the context of the experimental manufacturatig c
XC241, produced b¥exsto Tecnologid8], which is illustrated
in Fig. 2.
A—(Q)
A A A
Fig. 1. Example of synchronous composition of FA.
) Po P Py P3
For a set of FAG' = (3,,Q,,¢,Q¢,—), for i =
1,---,n, a global modelG = (X¢g,Qq,q%,Q¢, —¢) can
be obtained by the compositios = ||I_,G’, such that B B2 Bs
Y = Ui, X;. Compositions are particularly useful to allow
systems to be modularly expressed. Fig. 2. Example of a manufacturing cell
B. FMS Coordination The process is composed by sensors positioned such that

In the context of FMS automation, an important step is tiney identify the size of workpieces arriving at a manufaoiy
properly (optimally) program the operational sequencesri(c line, by a conveyor that carries workpieces throughout the
dination logic) for the system to be commanded under contrpkocess , and by actuators that remove them from the conveyor
This is a discrete event-driven activity that can be ad@éesso output buffers. Arriving workpieces are assumed to have
by empirical programming, or it can be alternatively supedr 3 different sizes:small (sensorS;), regular (sensorSs) and
by formal methods and automated software engineering. large (sensorSs), which also defines their separation by the
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TABLE |
NOTATION FOR THE EVENTS COMPOSING THE PLANT MODEL
Component Fvent Description
Sensors si,i=1,2,3 sensor identifying a workpiece of the size 1 (small),2 (fagu
or 3 (large)

Manipulators sai,1=1,2,3 Event activating the actuatof;, A or As

fai,i=1,2,3 Event identifying that the actuatot;, A or As is retreated
Conveyor sc Conveyor activation

fo Conveyor deactivation

respective actuataf;, A, or As to the respective buffeB;, a caseE!) that admits 1 single type of workpiece and then we
B,y or Bs. The conveyor behavior is sectored into 4 positiorshow cases for more than one type. An automaton modeling
in a way to facilitate the manufacturing process. The ihiti&! is presented in Figure 4.
position (Fy) is neutral and it is used to receive external
workpieces. The other position®y, P, and Ps) coincide with
the respective actuator action point. Table | summarizes th
process components and their respective events that will be
used to design the plant model.

In Figure 3 the componentS;, S,, S3, A1, Az, A3 and
Conveyor are respectively modeled by the autond#tai =

1,---7, such that the composite system plant is giverGhy: o ) ) )
H7 G Fig. 4. Specification model for the separation of a singlestpp workpiece
=1

SpecificationE' prevents the actuatad; to be activated
(event s4;) before a small workpiece is identified on the
at. 2 a2, 2 G 2 o conveyor (evenk;) and the conveyor is positioned correctly
Q Q Q sA1 (event fo). We remark that the conveyor position is not
5@3 controlled by modeling. This is coordinated at implementat
far time using encoder settings. We just take advantage of its
events start/stop.
Go: 5A2 G 543 G sc Note that this control logic involves a few states and it
&UD g@? @ can be trivially expressed by the engineer. However, if we
Tan Fas o slightly reconfigure the control objecti\_llé, it can be shown
that the modeling becomes substantially more complex. In
order to analyze this impact, assume that two differentdype
of workpieces can now be admitted in the system, small and
regular. Small workpieces are still stored in the buffgrwhile
The three sensors are modeled by self-loops in the automiggular workpieces are separateddn. Now, the modek! is
G'. G2 and G3. Note that the activation of a sensor usua”)(;xtended tq _abs_orb this new _conFroI requirement and thédtresu
s the specificatios? shown in Figure 5.

Fig. 3. Modular version of the system plaGt = HZ:l G

leads it back to the previous (initial) state, i.e., the sens
signal happens, is has to be recognized in terms of string com

position, but there is no state-change. The other compsnent sAl
are modeled by simple two-state automata representing thei E*:
beginning and conclusion of operation.

In order to restrict the system plant to a given behavior
expected under control, the following objective is assurmed
the context of a specificatioll: “Each workpiece must be
separated according to its size

DesigningE could be a trivial task if it was assumed that a
single type of workpiece arrives in the system, or that alsing
workpiece is processed at a time. Nevertheless, this does n®
always match the needs of industry for productivity. Usgyall
manufacturing systems are required to admit concurrendy aig 5 specification model for the separation of two typesvofkpieces
parallelism for multiple types of items, which substaryial
complexifies modeling tasks. Next, we incrementally iltats SpecificationE? prevents the actuatad; to be activated
how difficult the task of modelind. can become. We start by (event s4;) before a small workpiece is identified on the

s2 fo faz sA2



ICCEEg: 1 (14) — Dezembro 2016 20

conveyor (event;) and the conveyor is positioned correctly ifong sequences of events until a given modeling decision can
front the actuatord;. In parallel, it also prevents the actuatobe taken. In this sense, the literature has extended FA aralev
As to be activated (event o) before a regular workpiece ways to simplify the automatic control of FMSs. Timed [9],
is identified on the conveyor (evert) and the conveyor is [10], modular [11], [12] and refined [13], [14] extensioner f
positioned correctly in front the actuatadlk,. example, have shown to be useful to simplify control syrithes
For example, after a stringcsisafoscsifo all events In this paper, we are more concentrated on the previous step,
(belonging to the model) are disabled, except and s42. thatis, on the modeling that enables for automatic control.
This means that, after the system identifies a regular antl smaThis section subsumes results in [15], [16], [17], [14] abou
workpiece, and both are positioned in front the correctdnff Extended Finite-State Automaf(&FA), a particular version
the only action possible is the actuators activation. of FA extended with formulas associated to transitions. A
It is conceivable that the modeling &? is substantially formulais a logical structure implemented using variables and
more complex that the previous specificatiBh. In fact, E2 constants. Avariable v is an entity associated with a finite
deals with the possibility of workpieces arrive in diffetendomaindom(v) and an initial valuev® € dom(v).
sizes, in different orders. It also admits that after a warke The set of all variables;, i =0,--- ,n is denoted by =
arrives, another may or may not arrive and thus the conveyar, ..., v,} and the domain of/ is denoted bylom(V) =
has to behave differently. It turns out that mapping all fges dom(vg) x - - - x dom(v,,), i.e., the domain o¥/ is a set that
combinations directly in the specification model becomescambines all domains of individual variables. An elemeatrir
nontrivial engineering task. dom(V) is written asv = (v, ...,0,) € dom(V) with ; €
The number of states could be used to compare the modédsn(v;) and it is called avaluation i.e., a valuation is a
E! andE? and to dimension modeling effort. While the firststructure that assigns to each variable V a value belonging
involves only 5 states, the second requires to structure ®2its domain.
states. Remark that this modeling task is not systematioras f For example, leti’ = {a,b,c} be a set of variables with
example it is to express a buffer behavior. On the contradem(a) = dom(b) = dom(c) = {0,---,10}. A possible
this construction requires an intricate reasoning aboet thaluation (in the deterministic case) fdom(V) could be, for
concurrent nature of the events. example,(0,0,0), which is also the initial valuation. Another
Assuming that a third type of workpiece was to be admittagbuld be (2,7,1), etc. For Boolean variables, a valuation
in the system, a possible specification modigwould require assigns onlytrue or false values.
72 states to equivalently replace the 22-automéaidnand so A second set of variables, calletext-state variablesnd
on. Such complexity would become even more remarkatdenoted byV’ = {v' | v € V' } with dom(V’) = dom(V), is
if the plant was to be modified in order to embody newsed to describe how variables are updated by transitions.
components. The presented example, for instance, hassupporFor example, letz be a variable with domaidom(z) =
to also separate workpieces according to the material thay ... 5} and initial valuez® = 0. A transition with update
are made, which has been prevented in this paper to kegp- » + 1 changes the variable by addingl to its current
the example illustrative. We remark that this non-syst@&@natalue, if it currently is less thaf. Otherwise (ifz = 5) the
work depends exclusively of the engineer in order to magansition is disabled and no updates are performed. Anothe
all possible contexts of the system, which can be a barriggssibility is to write the formula’ = min(z+1,5), in which
for a control solution to be derived using FA as modelingase the transition remains enabled whes 5. The update
foundation. x = 3 disables a transition unless= 3 in the current state,
From the compositiof = G'|| E* we obtain an automaton and allows all possible next-state valueszoifferently, the

with 44 states when two different types of workpiece argpdater’ = 3 always enables its transition, and the valuerof
placed on the conveyor and separated by the control systeinthe next state is forced to B

This model represents the desired behavior of the system whe Formally, an EFA is described by a 6-tupd, = (2, V,
it is under control and it is used as the input for synthesig Q° v, —), where:
algorithms in order to ensure minimally restrictive and fion
blocking behavior.

Next we present an alternative to the use of AF in mod- « Q is the finite set of states;
eling. It is shown that engineering effort can be substéntia 0° C Q is the set of initial ’stateS'
reduced while the same control objectives can be expressed' pu '

. w C i .

. Q¥ C @ is the set of marked states;

A methodplogy tq the use of this approach on FMS control « 5 CQxXxFxQis the state transition relation,
problems is also introduced.

where F is the set of Boolean formulas ovéru V.
IV. FMS EXTENDED MODELING The termz ¥ 4 denotes the presence of a transitiondify,
Sometimes, modeling manufacturing processes using ortiem statex to statey with evento € ¥ and update < .

nature, FA are limited in expressiveness, particularly mhéS an ordinary FAG = (X, Qa, Qg Q¢, —) where:
dealing with data dependency, which requires to memorizee Q¢ = Q x dom(V);

o XY is the alphabet of events;
o V={vy,...,v,} is the set of variables;



ICCEEg: 1 (14) — Dezembro 2016

° QG =Q° % {(Ulv"'v n)}

o Q¢ = Q¥ x dom(V);

e — is such that(x,v) % (y,v’) for v,%" € dom(V), if
there existst Z¥ y such thatp(s,7') = true.

21

structuring a large automaton. In general, this is in monedu

to the human perception about the problem to be handled. This
approach simply imposes a control rule without requiring to
memorize long sequences of events in the system as, in the

The unfolded state sé¢ includes the values of the variable<ase of EFA, memory is stored in variables, which are part of

as part of each state. The unfolded transition relationfis ele
based on the transition relation 81, by taking into account

the plant behavior.
However, in order to be possible restricting a DES plant

the conditions imposed by the updates on the variable valubg simple formulas, using variable values, such values have

The unfolded transition relation is extended to stringsiin
by (z, ) 3> (z,9) for all (z,7) € Q¢ and (z,v) 2% (2", 0")
if (z,0) > (2/,7) % (a:” v") for some(z’,7") € Qq.

We denote byM, % (z,v) that the stateg(x,7) can be
reached from the initial state of/,. Finally, the open-loop
behaviorand themarked behavioof M, are the languages

M) ={s €% | M, S (2,5) € Qu } ;
M) = {s €S | M, S (2,0) € Q4 ) .

L(
L¥(

to first be properly addressed by the plant model, i.e., EFA
modeling the plant has to express the semantic of updates
appropriately on variables. This includes a sequence @ktas
which are not exactly systematic. In fact, this is an enginge

task that depends on manual effort. Even though, some steps
emerge naturally to the engineer and they are characterized
next, attempting to somehow help the designer to address
complex modeling by EFA.

() ldentifying variables Including a variable to a system

Composition of EFA is well defined from the standard
synchronous composition of FA [14]. The only difference is
that now formulas are combined by conjunction. Thus, the
same notatior]| is used to refer to both cases, as it is clear

model is justified face a modeling problem. As a variable
provides more information about the system, it tends to
facilitate modeling tasks. To identify which variable the

system needs, one has to identify first which event, when

to the context. Given two EFA\, = (£,,V,,Q,4,Q%, QY.
—4) and B, = (35, V5, Qp, Q5. Q. —5), the synchronous
compositionof A, and B, is A, || By, = (X, Uz, V; UV,
Q4 X Qp, Q% x Q,—), where:

o (za,28) TPANPE, (ya,yp) if:

o€ YANYE, 14 =2, ya, andzpg Zee, YB;
o (za,25) =25 (yA,ivB) if:

g e EA \ ZB anda:A —)A YA,
o (za,28) LELN ($A7y3) if:

S EB\ZA anda:B —)B YB.

That is, shared events between two EFA are synchronlzed)

while other events are interleaved. In addition, the upslate
combined by conjunction. Determinism can also be defined
an EFAM, =(X,V,Q,Q°,Q%,—) as follows:

o Q-determinismwhen |Q°| = 1 and, for any two transi-
tionsz —2% y; andz =225 y, impliesy; = o, for all
T,y1,Y2 € Q,0 € X andpy,ps € F.

o V-determinismwhen (z,7) % (y, @) A (x,7) > (y
impliesw = &', for all z,y € Q,0 € ¥ and v
@' € dom(V).

u?i)

v, w,

associated to the variable, can update it so that necessary
(extra) information on the system is provided.

(i) Defining each variable domairidentified which variable
the system model needs, one has to define the structure
of such variable. In this paper, we assume that variables
assume only finite domains. Properly defining a variable
domain implies to recognize which and how many values
will be possibly assigned to the variable. For example, if
a variable is Boolean, then the domain belongs to the set
{0,1}.

(i) Designing control specification®©nce a variable is de-
clared and its domain is defined, one already can use
its values to design control specifications. In EFA, this
is done by simply embedding constrains on transitions
labeled by a given event. Constraints have the form
of logical conditions, which is also known aguards

Summarizing, a control specification is now expressed

by a logical formula embedded on a transitions labeled

by the event that one aims to control.

Identifying additional variablesSometimes, declaring a

variable directly simplifies a given modeling task, but

to

(iv)

In words, Q-Determinism of EFA requires (i) a single this indirectly implies in declaring additional variables
departure point (initial state) and (ii) two any transison This situation occurs when the value to be assigned to a
with the same event always lead to the same state, does variable depends on another value, from other variable.
not matter how many satisfiable updates are conjuncted. In In FMSs, for example, this is a common situation that
EFA, Q-Determinism makes more sense when combined to emerges from processes that include data dependency

V-Determinism, i.e., when besides reaching the same state,

among components of a manufacturing line.

transitions with the same event also update variables -dete) Enriching the plant modelThe final step to properly

ministically. In this paper, we assume determinism of J@da
assignments and states.
V. A STEPGUIDE TO THE USEAFES

For many practical problems, it may be easier to model
constraints for a DES plant using a logical formula than

combine variables to automata consists in implementing
their updates. Remark that the whole framework is useless
without this step. In fact, any constraint would never
reach its purpose if the variable would remain unchanged.
A variable update is a logical formula similar to a guard,
which is also embedded on a transition. However, instead
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of testing a condition on the occurrence of an event, al) Step (i):: The first action to design the example using
update replaces a variable value by another value. In tii§E, according to the step-guide (i), is to identify possibl
way, an update is always executed when the event owariables which, when combined to the system model, could
which it is implemented occurs, and it never disablgsrovide useful information to simplify a given modeling kas
the transition. Remark also that, while a constraint is this case let us assume that our modeling problem is
implemented on a specific model to form the specificatido design specificatio2?. Note that modelinge? requires
version, an update depends on the events of the plant. kdormation about the type of each workpiece positioned on
that reason, updates are naturally implemented as piédag conveyor, in front the actuator. This allows to define
of the plant model, the formulas are associated to thehether or not to activate the actuator. In order to provide
transitions of the plant and variable values become patch information, we define two variablgs, and p,, each

of the plant behavior. representing the respective sector of the conveyor, gtorin

The activity diagram in Fig. 6 illustrates the main idea offformation about the type of workpiece that is currently

the proposed step-guide. occupying such sector. _ _ _
2) Step (ii):: The second action according to the step-guide

.. (ii) is to determine the domain of each variable. Each value
—Jidenty variables_;\?;fig‘geegg%ami _,;ggesci%pcgggrgrgl | possible in a.variable domain is associated to a particular
type of workpiece present on the conveyor. Remark that the
combination of all variable values define the state of the
i 1 - . system. In the example, each variable is declared with a
" e {Erich the plant | (ot dentied e \dentiy 2dditondl  domain 3, i.e..dom(p1) = dom(ps) = {0,1,2}, such that
: L = the domain O is used as initial value, i.@; = p5 = 0,
and domains 1 and 2 are used respectively to identify a
Fig. 6. Activities composing the proposed step-guide workpiece of the type 1 and 2. Thus, the meaning of variables

_ _ assignments is as follows:
Remark that, as soon as a variable is target as “necessary” to p; = 1: there is a workpiece of the type 1 on the sector

a modeling task (step (i)) and its domain is defined (ste}y (ii) * i of the conveyor;

the specifica_tion ”.‘0‘?'8' can be alree}d_y d(_esigned (step (i)) o p; = 2: there is a workpiece of the type 2 on the sector
fact, the engineer is in this case anticipating that suctalbbe i of the conveyor; fori — 1,2

value will be available whenever it is required. It remains )
3) Step (iii):: Now, we take advantage of the variable values

so to make this variable value in fact available in the plant g e : 5
model to serve (to be tested by) the specification when '} desidn a specificatio®, that equivalent model&* (see

requires. This is achieved in the step (v), whose constmcti':'guae 5), T(O\_/vever in a simpler fzshlon. S'Bféeg mforrrl])atlon
eventually depends on another variables (step (iv)) in rordd? the workpieces are now stored in variables, can be

to complement a given memory to be composed. It is usudfSigned in such a way that traces of events no longer need to
in EFA modeling, that every component in the system e memorized, i.e., coordination is now imposed by consfsai

represented by a particular variable. This allow the corepon implemented on the variable valules. This is model!ng task

to start a new job after each job is finished, without waitinglat can natugally be conducted in a modular fashion. For

for control decisions. e exampleE“ can now be expressed by the set of models

Section V-A illustrates the use of the proposed step-gui(?eescribed as follows, which are then composed afterwards to
orm E,:

by an example. v
o Ele, E!' and El°: Conveyor, sensof; and sensoms;

are sequenced, in this order;
« E? and E?: Conveyor and actuators are mutually ex-

This section applies the step-guide proposed in Section Vv, cluded, i.e., conveyor is disabled when a workpiece type
in conjunction to the concepts described in Section IV, to IS positioned in?;, i = 1, 2, and actuatorsl; are disabled
reproduce the modeling of the example illustrated in Sectio ~ when conveyor is working;

Ill. For the sake of clarity, we consider just a case where two+ E,: Actuators4; and A, are disabled while there is no
types of workpieces are received in the system (specifitatio ~ Workpiece on the respective position of the conveyor.
E?), although any finite number of types can be recognizedThe textual version of each specification can be expressed
by the system without loosing generality. by the EFA shown in Figure 7.

The goal to be pursued next is to derive a coordination SpecificationsE!?, E!* and E!° aim to control sensors
model for the example, such that it is equivalent to the tssuhctivation in sequence (1,2), but only after the conveyoveso
in Section Ill, however it is designed in such a way tha workpiece in front of them. This is the way they behave in
modeling effort is reduced. We consider number of states @® system and it has to be properly mapped by the models.
a measure for modeling effort, which seems to be practicallyModel E? was developed to ensure that the conveyor will be
reasonable. activated only when there are no workpieces in front of their

4
[Identifed]

A. An Improved Solution to the Example
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la- . lc-
B, ELb: Ele

fC S1 S,
i
E2: p1! = E3: p2! = E4: p1==1
sc sA1 sc 5A2 sA1
5A2
bie} fa1 fo faz2 pz==2

Fig. 7. Modular version of the specificatiafl, = E}e || EXY || Ele || E2 || E2 || EX , modelingE? with EFA

respective buffers. Plus, the actuator cannot be activatele itself, which is done by the sensors ify.

the conveyor is enabled. For that, the eveatis enabled in  Consider now to define a complementary varigllevhich

the initial state as long as the conditipfl = 1 is evaluated to receives workpieces identification from the sensors antstra

true, which means that there is no workpiece in frontAf. fers this top; and p, when the conveyor moves. So, now,

In addition, this model ensures that activation of the cgove the new set of variables is given By = {po, p1,p2}. By

and actuatord; is mutually exclusive, i.e., once activated theevisiting the step (ii) (see step-guide interaction in.FEgwe

actuator (evens 1), the conveyor can only be enabled aftedefinedom(py) = dom(p1) = dom(p2) = {0,1,2} and also

the actuator finishes (everfty;). The same idea holds forpg = p; = p5 = 0, such thatp, = 0 indicates that there is

specificationt? mutually excluding conveyor and actuatés. no workpiece on the sectdr of the conveyor; anghy = 1 or
SpecificationE? is responsible for effectively separating thevo = 2 indicates that there is a workpiece of the respective

workpieces to the correct buffer. For that, it tests the duatype 1 or 2 on the sectof) of the conveyor.

p1 == 1 with the events 41, andp, == 2 with the events 4. 5) Step v:: The final step of our example is to enrich the

When any of these guards is evaluatedrt®, this means that plant model with a logic that updates variables so as toviollo

there is a workpiece of the type in front the positioni, for the system as it evolves. This step is actually which impose

i = 1,2 and, therefore, the actuator is allowed to start. semantic value to variables and allows variable values to be
An important remark to be pointed out is that EFA specificdested by constraints. Updates are implemented on transiti

tions impose control rules individually, without concergito  Of the plant model and are responsible to memorize every

the other constraintsz?, for example, controls the separatiorPossible state of the system. For the example, we propose a

of workpieces without concerning to mutual exclusion oresth Semantic of updates as shown in Fig. 8.

aspects of coordination. Note that this differs from FA mod-

eling. See Fig. 5, for example, where separating a workpiece po = 1 po =2
requires to trace it from the start point to the control attio GL: ! a2 =2
point, considering all possible intermediate combinatianf Q Q

workpieces in the system (including empty positions in the
conveyor). This memory has to be designed by the same FA,

In EFA, differently, such memory is stored in variables, @i
imposes no similar burden to the designer. Summarizing, for 5@0 5@0 5@@
practical purposes EFA specifications only make sense in

conjunction, but they can be designed modularly. 1 1 J;Ai 0 p2 —p1
4) Step iv:: Now, we define the final se of variables. P1 = Do
So far it has been defined 2 variablesg, and p,, and this po=0
has been enough to model the specificatibnp However,
it remains to be analyzed whether or ngt and p, can be
properly updated by the plant without no additional vaabl EFA G and G2 express the behavior of the sensors that
modeling the conveyor. identify the type of each workpiece and store such identifica
Observe that, in order assign correct valueptoandpy, tion in the variablepy which represents the positid®, of the
one has to trace each workpiece since it arrives in the systeronveyor.
From the process in Fig. 2, workpieces arrive in the posiflpn ~ Then, G2 and G2 model the actuatorgl; and A, respec-
of the conveyor. Thus, in order to assign the proper worlgietively, and they are composed by the evestart (s4; and
identification top; and p», on has to know the identification s 45) andfinish (f41 and f42). Whenever an actuator finishes,

Fig. 8. EFA versionG, = ||>_, G of the plant model
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the value of the respective variablg, (or ps) is reset to0, other real industrial process. One expects that the pregent
meaning that the workpiece has just been removed from thgproach can help to migrate theoretical results on moglelin
conveyor and the respective position (1 or 2) is now emptyand control synthesis to industry practices. This wouldvell

Finally, G2 models the conveyor behavior by the evesitst the development of advanced techniques and tooling to bandl
(s¢) andfinish (f¢). This model plays an essential role to théarge manufacturing systems through more concise and read-
example, as it is responsible to transfer the variable glugble models, which is more tuned to industry profile.
combination (including all positions and workpieces) fram  We remark that, while extended automata are indeed helpful
state to another of the system. to simplify modeling tasks, they actually do not reduce camp

For example, when a workpiece is identified Iy, the tational effort. In fact, variable values are implicit &stwhich
variablep, receives its identification. Then, when the conveyare taken into account for processing. In general, extended
is activated, it has to resgt in order to make the positioR, automata are expected to be processed with equivalent cost
ready to receive a new workpiece (update= 0). However, as conventional automata. We aim to present a more precise
the value carried by, cannot be lost when it is reset, i.e., itanalysis on computational complexity of extended automata
has to be transfered previously @ (updatep; = pp). The in our future research. Besides this, we also aim to gemerali
same idea applied to the updatge= p;. the method to other modeling contexts in the future.

In this way, historical records of workpieces can be kept
for all positions combined, in an appropriate computationa
fashion. This facilitates parallel processing, besidesltow  [1] B. Esmaeilian, S. Behdad, and B. Wang, “The evolution &rtdre of

. . . . . manufacturing: A review,"Journal of Manufacturing Systemsol. 39,
taking control decisions anytime along the process exequti ;" 79”100, 2016.
without having to structure large automata. [2] G. ChryssolourisManufacturing Systems: Theory and Pracfi2ed ed.,
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