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Abstract— We work with the case study of an industrial glass bonding system for truck cabins that presents
interesting aspects of timing to be investigated. Specifically, the coordination of the different equipments must
start and wait for the ending of several processes, and a maximal processing time must be respected. A monolithic
supervisor that achieves the minimum makespan and that guarantees the safety of the plant is synthesized using
the timed-weighted-system approach of Su et al. (2012). By using these tools, we’ve found a minimal time for
production in steady state.

Keywords— Timed discrete event systems; composed systems; large scale systems; Optimization.

Resumo— Trabalhamos com o estudo de caso de um sistema de colagem de vidros industrial para cabines de
caminhao que apresenta aspectos temporais interessantes a serem investigados. Especificamente, a coordenagao de
diferentes equipamentos deve comegar e esperar o final de diversos processos, e 0 tempo maximo de processamento
deve ser respeitado. Um supervisor monolitico que realiza o makespan minimimo e garante a seguranga da planta
é sintetizado usando a abordagem de “time-weighted-system” de Su et al. (2012). Usando essas ferramentas,

encontramos um tempo minimo para a producao em regime permanente.

Palavras-chave— Sistemas a eventos discretos temporizados; sistemas compostos; sistemas de larga escala;

Otimizagao
1 Introduction

In the literature, there are formal methods to aid
the industrial automation systems designers to
guarantee the safety and performance of specifi-
cations, such as the timed discrete event system
(TDES) control approach of Brandin and Won-
ham (Brandin and Wonham, 1994), Timed Au-
tomata (Alur and Dill, 1994), Max-Plus Alge-
bra (Bouquard et al., 2006), Timed petri network
(Murata, 1989), Timed-Weighted-System (TWS)
(Su et al., 2012).

In this work we present a case study of ap-
plication of TWS control approach proposed in
(Su et al., 2012), that is a generalization of the
supervisory control theory (SCT) (Ramadge and
Wonham, 1989), to deal with the abstraction of
time passage in another layer. The main advan-
tage of this method is that it generates mini-
mally restrictive supervisors that guarantees the
minimum-makespan. The major tools designed
for the SCT can be extended to work with this
method, also the size of synthesized supervisor is
potentially smaller, since we only need one event
to fully represent a task, increasing the modeling
capacity. However as a disadvantage, the algo-
rithm proposed in (Su et al., 2012) has exponential
complexity in the number of states of the model.

We deal with a case study of design of a co-
ordination strategy for an industrial glass bond-
ing system (GBS). This same system was investi-
gated using the SCT approach in (Rodriguez and
da Cunha, 2014), Timed Automata approach in
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(Correia and da Cunha, 2017) and the TDES ap-
proach in (Tuxi and da Cunha, 2017). Our main
objective is disseminate the use of formal methods
of DES in problems found in the industry, compar-
ing and showing the advantages and disadvantages
of each different approach.

This paper is structured as follows. In sec-
tion 2, we present the description of the GBS.
In section 3, we review the basic theory neces-
sary to synthesize supervisors in the TWS ap-
proach. In section 4, we model the components
of the system and summarize the main coordina-
tion problems that arise. In section 5, we present
a proposal to achieve the Supremal Controllable
Harmonious (SCH) sublanguage and compute the
Supremal Minimum Makespan Controllable Har-
monious (SMCH) sublanguage for one production
cycle of the GBS. In section 6, we present the re-
sults of the evaluation of the SMCH for different
batches. Finally in section 7 we briefly discuss the
results of this work and propose future works.

2 Problem Formulation

In this section we describe the components
and functioning of the GBS for truck cabins
(Rodriguez and da Cunha, 2016).

The objective of the GBS is to apply glue and
assemble the windshield (WS) on a truck cabin,
and also to apply glue on the rear side windows
(side glasses or SG). A schematic drawing of the
system is show in figure 1.
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Figure 1: Glass Bonding System.

The process for application of glue on a glass
consists of a sequence with three products: activa-
tor, primer and glue itself. Minimum drying times
must be respected between the applications of ac-
tivator/primer and primer/glue. In the following,
the main components of the system are described.

The SGR applies activator and primer on the
side glasses. In the operation, the SGR cups a pair
of side glasses from the SGI, applies the activator,
waits for 20s, applies the primer, and places the
side glasses on buffer B1. The overall SGR process
takes 50s.

The WSR is the main robot of the GBS, per-
forming three processes. The first consists of the
withdrawal of the side glasses from buffer B1, the
application of glue, and the depositing of them on
the SGO mat.This process takes 20s. The second
is the withdrawal of windshields from WSI mat,
followed by the application of primer, and by de-
positing the windshield on buffer B2.This process
takes 30s. The third and most important consists
of the withdrawal of the windshield from buffer
B2, the application of glue itself, and the assem-
bly on the cabin. This process takes 40s.

The Perceptron (PER) is used to perform
measurement of the cabin coordinates and send
them to the WSR controller. The measurement
process occurs after the cabin arrives at the work-
station and an alignment platform is coupled to
the cabin. This process takes 15s.

There are some coordination restrictions to
these processes. After application of primer, side
glasses and windshields must be stored in buffers
B1 and B2, respectively, for 45s as a minimum
drying time. The application of glue on the wind-
shield and subsequent assembling on the cabin be-
gins only after the cabin is locked and measured by
PER. The GBS has a maximum time of 150s for
cabin’s treatment before arrival of a new cabin.
When this time is violated, the cabin leaves the
workstation without the windshield.

The control objective is the coordination of
the GBS components, while respecting the opera-
tional restrictions.
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3 Bibliographic Review

A Time-Weighted-System (TWS) is a triple
(G, f,h) where, G = (X,X%,0,20,X,,) is a au-
tomaton, with X: states, 3: events, § : X X ¥ —
X transition function, xq: initial state and X,,, C
X is the set of marked states; f : ¥ — RV is a
weighting function, and h C ¥ x X is a binary
relation, symmetric and reflexive, named intrinsic
mutual exclusion relation.

G is interpreted in the standard way, to
generate strings in X*, where L£(G) = {s €
¥*|6(xg, s) defined} is the generated language and
L, (G) = {s € T*|6(x0,5) € X} is the marked
language, while f(o) is interpreted as the execu-
tion time of the event o. Differently from the stan-
dard SCT, for that events are instantaneous, in
the present approach an event o C X is supposed
to have a duration f(o).

The occurrence of an event o is associated to
a firing moment ¢, and the event execution lasts
until ¢, + f(0).A string ab € L,,(G) is interpreted
either as the initial moment of a must precede the
initial moment of b, or, the initial moment of b is
after the complete execution of a.

Finally, if (0,0’) € h if the firings of o and
o' are mutually exclusive, in the sense that the
firing moment of ¢’, must wait for the complete
execution of . Since h is symmetric, if (o, 0’) € h,
then (¢/,0) € h.

Let s be a string o1,09---0,, with 0; € X
the time stamp of s is p = t§,t5,--- ,t;, where
t; is the firing moment of o;. Notice that for
gve{l,--- ,n}, if ¢ <vand (gq4,0,) € h then

ty + flog) <t
The execution time of s with time stamp p is

TG,f,h(&p) = ma‘x{ti + f(O'l), T t’fL + f(on)}

And define O¢ ¢ (s) the set of time stamps
of s. The minimum execution time s is then

min  Tq ¢n(s,p)

vG.1.n(8) = PEOG, f.n

Finally, given W C L,,(G), the makespan of
W wrt. (G, f,h) is

w(G, f,h, W) := supvg,sn(s)
seWw

By convention w(G, f, h,0) := 400

The Synchronous product of two WA is de-
fined analogous to the product of two ordinary
automata (Cassandras and Lafortune, 2008), how-
ever the resulting weighting function will be deter-
mined by the longest event when the events are
shared, otherwise the weighting function will re-
main the same (Su et al., 2012).

We associate a specification E with a binary
and symmetric relation he € A X A called the im-
posed mutual exclusion relation in respect to F,



where A C ¥. We use (E,h.) as requirement,
and, we interpret E as usual, but we consider
(a,b) € he as in the intrinsic mutual exclusion.
The difference between h and h. is that h is a
intrinsic property of G, while h, is a property im-
posed by an user, and thus is not always valid.

Just like in the SCT (Ramadge and Wonham,
1989), the alphabet is partitioned in two disjoint
sets, the set of controllable events, ., and the set
of uncontrollable events, ¥,.. A language K C %*
is said to be controllable wrt. L and ¥,., when,
KY,.NL C K, where K is the prefix closure of
K (Cassandras and Lafortune, 2008).

A sublanguage K C £(G), is harmonious wrt.
(G, f,h) and h,, if:

Vse K,a,b €S Ns €XF . sas’be KANa#b

= [(a,b) & he V (3c € §'b)(a,c) € h]

In words, if K is harmonious wrt. (G, f,h)
and he, so for any two non controllable events a
and b connected by a non controllable path, s’
this must obey the mutual exclusion relation A,
such that (a,b) & he or a and b are separated by a
controllable event ¢ € s’b, which is not necessarily
different of b, such that, the execution of a must
end before the firing of ¢, this means that (a,c) €
h.

Let C(G, f, h, E.hg) be the set of harmonious
controllable sublanguages. It can be shown that C
is closed under union, and, it has a supremal set
called supC(G, f,h,E, h.). NS(G, f,h, E.hg) is
defined as the set of finite makespan sublanguages.
It can be shown also that, NS is closed under
union, and, it has a unique supremal set called
sup NS(G, f,h, E, he).

In order to compute the minimum execution
time of a string, v 4 (s), we can use the theory
of Heaps of Pieces proposed in (Viennot, 1997).

Given a centralized model (G, f,h) and a re-
quirement (F,h.), we build a undirected graph
Gr(G, f,hUh,) = (Ver, Edg), where Ver := X
is the set of vertices and Edg is the set of edges,
and:

(Vo,0’ € ¥)(0,0") € Edg <= (0,0") € hU h,

which means that we use a edge to connect two
different events, in which are mutually exclusives
by hU h.. Let A(G, f,h,Uh.) be a clique cover
of Gr(G, f,h Uh). For each complete subgraph
A € A(G, f,h,Uh.), we use Very to denote the
set of vertices. We build the following heap
model H = (T, R, R,l,u), associated to the graph
Gr(G, f,h U h.), such that:

1. 7 := X are called the set of Pieces;
2. R = A(G, f,h) are called the set of Slots;

3. R: T = 2R 10— R(o) = {\ € Rlo €
Very} associates a piece with a subset of
slots;
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4. [ is called the lower contour of a piece. If
A € R(o) then I(o,A) = 0 else l(0, \) = —o0;

5. w is called the upper contour of a piece. If
A € R(o) then u(o,\) = f(o) else u(o, ) =

o5

Each resource A € R is a complete subgraph
of Gr(G, f,h U he), this means that any pair of
events in the set of vertices of A are mutually ex-
clusive.

Given a string s € L(G), w(s)
(zo,01)+* (®n—1,04), describes the sequence of
transitions of G, in which corresponds to s.

J#(w(s)) is the height of the heap, this can be
computed by using the Max-Plus Algebra tech-
nique and the technique proposed in (Su et al.,
2012). It can be shown that the height of the
heap, g3 (@(s)), corresponds to the minimum ex-
ecution time of the string, va f4(s).

4 System Modeling

The formalism of TWS presented in the section
3 is used to model the behavior of the GBS pre-
sented in section 2, the main components of the
system will be modeled as TWA.

4.1 Simplifying Hypotheses

We will assume the following hypotheses in or-
der to reduce the complexity of the model without
loosing the essential characteristics of the system:

e There’s no delay between the command and
the corresponding real action;

e Bl and B2 are initially empty;

e The glass supply is faster than the system
processing time, so there are always side
glasses and one windshield available for the
system.

There’s no rejection of the cabin caused by
error in the measurement, and the measuring
of the cabin is started simultaneously when
the cabin is elevated to position A.

4.2 Modeling of system components

The TWA of SGR is shown in figure 2. Event
Ps¢ represents the command to start application
of primer in the SG.

The TWA of WSR is shown in figure 2. Event
Dgg represents the command to apply glue, and
then deploy it to the SGO. Event Py g represents
the command to apply primer in the WS and then
deposit it in B2. Event Dy g represents the com-
mand of placement of the WS in the cabin.

The TWA of PER is shown in figure 2. Event
M represents the command to start the measure-
ment of the cabin.
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The last model was created to represent the
timers that counts the minimum drying times of
the primers for SG and WS.

PbG/5O D50/20 Dws/40 PWS/30 A[c/lu

8788

(a) G1 (b) G2 (c) G3
T, /45, Ty/45

(d) T
Figure 2: TWA of GBS components

The robots can only perform one task at a
time, this fact is expressed by the intrinsic mutual
exclusion relation given by:

h=%Yqg xXg, UXqg, X Xg, UXag, X g,

4.8 Specification Modeling

The requirements of the system regarding safety
and correctness of the operations are summarized
below:

1. Avoid overflow and underflow in Bl and re-
spect the minimum drying time of 45s for the
SG primer;

. Avoid overflow and underflow in B2 and re-
spect the minimum drying time of 45s for the
WS primer;

. Avoid the placement of the WS without con-
firmation of measurement from the PER.

The given requirements were synthesized in
three automata, the first automaton E; aims to
achieve objective 1. The second automaton FEj
aims to achieve objective 2. The third automa-
ton E3 aim to achieve objective 3. Each one of
the automata specification are going to be detailed
below.

FE express that after the placement of the side
glass in B1, 45s must be passed before the WSR
can be commanded to take the WSR from the
B1. It also ensure that will be not possible to put
two SG in B1, and also to remove two SG from
B1l. Automaton F> has an objective analogous to
automaton Ej.

FE5 represents that the WSR must wait for
the end of measurement of the cabin to deploy de
Windshield.

FE,, specify that we must produce one SG and
one WS per production cycle.

We define the imposed mutual exclusion rela-
tion in order to guarantee that:
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Mc/15

Dy s/40
(c) Es

Diys/40

Dsc/20 1
(d) Ea

Dyys/40

Dsc:/20

Figure 3: Specifications of the system

1. T1 will only fire after the completion of the
primmming of the SG;

. Dgg will only fire after the completion of the
drying time of the SG primmer;

. Ty will only fire after the completion of the
primmming of the WS;

Dy s will only fire after the completion of the
drying time of the WS primmer.

he ={(Psa,T1),(Tv, Dsa), (Pws, T2),
(T2, Dws), (Mc, Dws)}

Note that all specifications don’t deal specifi-
cally with time, instead deal only with coordina-
tion of the order of events. Note also that, Fy, 2
and 3 deal explicitly with the safety of the plant,
while E4 deal only with production requirements
of the batch. All those specifications together with
the imposed mutual exclusion relation, hg, intend
to be minimally restrictive, while guaranteeing the
safety and correctness of the system.

5 Controller Synthesis

In this section, the steps required to achieve the
SMCH are detailed.

5.1 Guaranteeing the Safety of the Plant

The first step in this synthesis process is to ob-
tain the SCH (Su et al., 2012). Note that, differ-
ently from the original approach, we consider the
weighting function, as a function of ¢, so the syn-
chronous composition of TWA reduces to the ordi-
nary synchronous composition of automata. Note
also that, f(u,v) € hg : u,v € By, this implies
that supC(G, f, h,hg) is equal to sup C'(K), the
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maximal controllable language, thus we can di-
rectly use the SCT tools to compute SCH.
The automaton that express the global behav-

3
ior of the system, G = || G;||T, was achieved by
i=1
the synchronous composition of each component

presented in section 4.2. The global specification
4

regarding safety of the plant, £ = || E; was com-

=1
puted, and with this the target lanzguage, could be
obtained. Finally the supremal controllable lan-
guage recognizer, Z, with 54 states was achieved.

We used the computational tool IDES 3
(Rudie et al., 2008) for the synthesis of automata
Z and Z'.

5.2 Obtaining the minimum-makespan of the
plant

The algorithm to obtain the SMCH proposed in
(Su et al., 2012) demands that the automaton that
represents the SCH be a tree automaton. This is
not the case for automaton Z, since it represents
the cyclic behavior of the plant. We can turn Z
in a tree automaton, by specifying the number of
productions per batch. Figure 4 shows the pro-
duction specifications for one WS and one SG.

:Dws/lﬂ] : DSG/Q(]
(a) Es (b) Es
Figure 4: Specifications of the system

Using the same steps to achieve the automa-
ton Z, we found a new automaton Z’ with 28
states, that is a tree automaton. Applying algo-
rithm 1 in Z’. We found that the minimum time
is 135 seconds. The automaton that recognize
SMCH is shown in figure 5.

Algorithm 1 Makespan Minimization
procedure MIN-MAKESPAN
Compute H
timin < +00
for all s € £,,(Z’) do
Compute G (@(s))
if 92(0(s)) < tiin then
K* + {s}
else if g3 (W(s)) = tmin then
K* + K*U{s}
Output K*,tmin

1:
2
3
4
5:
6
7
8
9

10:

The algorithms for the Max-Plus algebra op-
erations used for the computation of gy (w(s)) us-
ing the heap of pieces technique, the algorithm
to compute H = (7, R, R,l,u), associated to the
graph Gr(G, f,hUh.) and the algorithm 1 as well
were implemented as MATLAB functions for this
work.
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6 Results Analysis

Proceeding with the Computing of the SMCH for
the GBS, we verify that system has a transient
behavior and a steady state behavior. In the first
two batches, the GBS needs 135 seconds to pro-
duce one WS and one SG, after this the GBS
can produce faster, producing one SG and one
WS in 115s, this represents 23.333% of perfor-
mance improvement considering the usual produc-
tion time of 150s. This results matches our expec-
tation based in an deep analysis of the plant be-
havior and the previous work done in (Tuxi and
da Cunha, 2017). The results of this synthesis
process is summarized in table 1.

Table 1: Final Results of the monolithic Synthesis.

N.Prod | tpminls] | |K*| timed|$]
1 135 10 135
2 270 180 135
3 385 1200 ~ 128.34
4 500 12000 125
5 615 120000 123

7 Conclusions & Remarks

In this work we’ve successfully designed a timed
controller for an industrial inspired Glass Bonding
system using the TWS approach proposed in (Su
et al., 2012). We show that under certain condi-
tions the SCH can be computed with the usual
tools of the SCT. The computation of the SMCH
is done in a second step.

The time necessary to achieve the minimum
makespan matches our previous work in (Tuxi and
da Cunha, 2017), in that work, we found the min-
imum execution time in steady state as 120s, in
this work we found 115s, this happens due to the
granularity of time in the TDES approach. How-
ever comparing both approaches, the TWS can
not handle cyclic operations, since the the algo-
rithm for computation of SMCH demands that
the automaton that represents the behavior of the
system to be a tree automaton.

One of the main disadvantages of the TWS
approach, is the exponential complexity in the
number of states of the algorithm used to com-
pute the SMCH, making the synthesis and analy-
sis of complex systems even intractable. However,
the size of the supervisor obtained using this tech-
nique is quite smaller than the ones obtained in
the TDES approach or the Timed Automata ap-
proach. The reason for that, is that the alphabet
of the TWS is generally smaller, since we don’t
need events to represent the end of each task.

The next steps will be the investigation of
techniques to improve the complexity of the al-
gorithm 1, and possibly expand it to deal with
automata without a tree structure.
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Figure 5: Recognizer of SMCH of GBS for one production cycle.
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