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Abstract. This article proposes a method for dynamicallyatabce an assem-
bly line when disturbances occur, by reassignirggtdsks to the line’s work-
stations. The method is based on reachability aisabf an automata network
that represents the tasks and workstations to Herped. The execution trace
leading to the desired state provides one feasibligtion to rebalance the as-
sembly line. The method is illustrated by an indaktase study.
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1 Context

Assembly lines are flow-oriented production systefitsey are still typical in indus-
trial production systems of high quantity standzedi products. In this kind of sys-
tems, the problem of properly assigning operationsorkstations is called assembly
line balancing problem (ALBP). The ALBP is oldeath1960 and has been tackled
by Operational Research over several decades akecaaen in surveys [1, 2]. Fur-
thermore, several classifications were proposedhisrkind of problem, [3, 4] con-
tributing to fill the gap between real problem awhdemic ones [5].

Scholl, in 1999, [6] gives three levels in linedraing problems that correspond to
long and medium-term decisions in case of yet-tdvi#t assembly line fora 2 - 5
years horizon, line re-engineering for 6 monthsyears horizon (for example in [7,
8]), and rebalancing engineering due to a mark®eedsion change for a 1 month - 1
year horizon. This classification does not deahwihort planning horizon balancing.
Indeed, for this horizon (less than 1 month) theigien is mainly made on scheduling
or sequencing decisions (master scheduling or datyjuencing) rather than a line
rebalancing. For example, the 2005 ROADEF’s Chagkieaim was to find a solving



algorithm car sequencing which better fits the #xisline balancing for a daily pro-
duction objective [9].

Our objective here is to introduce dynamic rebalaméor short time horizon when
disturbances occur, such as shortage, shutdowthen the theoretic production dura-
tions differ from the realized ones. We assume thatmanual assembly line is ini-
tially balanced (computed by a predictive balangimgcess) and the sequencing is
fixed. To face the disturbances, a modificatiorttef tasks’ assignment will be pro-
posed in such a way that the line is kept balantbd.aim is to quickly react to dis-
turbing events with an on-line algorithm even ié thew obtained balancing is not
optimal. To initiate this kind of on-line dynamiebalancing, real-time information
about the work in progress must be available, featd put this study in the intelli-
gent manufacturing systems context (IMS) where ugses and products can share
and update their own data.

This paper explores the use of communicating au@ntadeal with dynamic re-
balancing of a manual assembly line. In sectionf@mmal description of the problem
is presented. Following, the reachability analysisesolve an ALBP is presented and
explained in section 3. An industrial applicatioorh Trane Company and its results
are discussed in section 4. Finally, section 5 kmles and displays some future
works.

2 Problem Formalization:

A well-balanced assembly line is one where all wrkstation loads are smoothed
with a working time very close to the takt time.idtdefined by the available time
divided by the number of products to do. This takie leads to define a moving fre-
guency and synchronization events where productgeerimm a workstation to the
next one. The following section provides some notet for the balancing problem
that is addressed by the paper.

2.1 Data

« T ={t, i <Tmaxe N} is the set of tasks(is the task identifier and Tmax the
number of tasks).

» Dt={dt € N, i< Tmaxe N} is the set of task durations.

« W ={w;, i < Wmaxe N} the set of workstations (ws the workstation identifier
and Wmax the number of workstations).

« Dw={Dw;, € N, i <Wmax€e N} is the set of workstation durations, that is defi
by the sum of task durations that are assigneklisontorkstation.

 E ={g, i< Emaxe N} is the set of synchronization eveni®. the instants when
the products change of workstationsig¢ehe event identifier and Emax the number
of events in the studied period).



2.2 Constraints and objective

Assignment is given by a surjective function A W that defines for each task
t; € T, the workstatiow, € W t; where is assignedt(t;) = w, (one task must be

assigned on one and only one workstation, a wdrkstaan host several tasks). Two
kinds of constraints must be fulfilled for a profiee rebalancing:

» Takt Time (C1): The assignment of the tasktd the workstation wis possible
only if the remaining available capacity of (takt time minus the sum of assigned
task durations dyy is upper or equal to the task duration dt

» Precedence (C2)this constraint is given by the precedence matriwiere R
equals “1” if { must preceds, 0 otherwise, for a couple of tasks ¢} € T,

The reconfiguration (rebalancing of the assemislg)liconsists in finding one feasible
solution (a new task assignment,Athat respects the previous constraints and with
a short computing time compliant with the workstliope scale.

2.3 Related works

Dynamic rebalancing problem can be addressed Miititlaal constraint solving
methods using scheduling and operational resed@bries. Due to its complexity,
most of the addressed solving approaches are loaserttaheuristics ([7, 8]). Even if
these approaches are efficient in engineering stbps computing time is often not
compliant with production time scale when appliedgurely reactive solutions.

Faced to these classical approaches, methods loas&iscrete Event Systems
(DES) theory are emerging to model and solve sdiveglproblems. More particular-
ly, the efficiency of Timed Automata (TA) and reability analysis techniques have
been demonstrated by [10] and [11]. The basic uyidgridea is to use reachability
analysis and model-checking tools [12] in ordefinid a possible path for reaching an
expected statd.€. the state where all the tasks has been reassigrseth a way the
line is kept balanced). The trace from initial st&a the expected state provides one
admissible balancing solution. Main benefits of Dagfproaches rely on the modular
and parametric way of modeling, and finally, thdigbto find feasible solutions with
a computing time that is compliant with on-line straints.

3 Using Reachability Analysis for rebalancing

Our approach is based on two models using a ssirofmunicating automata:

» The task model TM defines the tasks that have tass@gned,

» The workstation model WM defines the ability of @rkstation to accept an as-
signment, taking into account the constraints G1 @8.

» The synchronization between task and machine maslespported by a compet-
ing request/answer mechanism [13].



3.1 Used Formalism

Communicating Automata are a subclass of the Tikathmata formalism defined
by Alur and Dill in 1994 [14] that share variablasd are synchronized by transition
labels. A communicating automaton A is an N-tuple=AD, X, L, T, Qu G, Vo),
where:

* Qs afinite set of locations;

» Xis afinite set of integer variables;

» L is a set of synchronization labels, decomposeadl inree separated sets: recep-
tion labels (notedabel?), emission labels (notddbel!) and local labels;

e Tis aset of transitions (g, |, g, m, &Q X L X Gx M x Q where G is the set of
guards (conditions on the variables of X) and Nhis set of updates of the valua-
tions of variables; |, g and m are optional butaasition must contain at least a la-
bel or a guard;

* Qn S Qisthe set of marked locations;

* (o € Q is the initial location;

* Vi X « Nis the initial valuation of the variables.

A network NA=A || A || ... || A of n (ne N*) is defined as the synchronous prod-

uct of all the Aautomata. A state of the network is defined bypapte (g; v) where q
t
€ Q and ve X. Two kinds of evolution of the automata netwdtR(q, v) — (q’, v0)

may OocCcur:

» only one transition is fired in one automaton,hifsttransition contains only local
label or if its guard is satisfied;

* two transitions), t,’,i of a pair of automataA(,, Az ) with ty containing the emis-
sion labell? € IV (noted!!!) andt’ containing the emission labé € ¥ (noted

lﬂ?) such that) = l,‘i are fired simultaneously, providing that the gsanf these
transitions are satisfied.

Note that simultaneous firing of transitions is §ibke only when two transitions of

two different automata are considered; no broadeasthanism that implies more
than two automata is possible. Notation conventamsas follows: initial locations

are indicated by a source arc, location namesnaeld, label names are in italics and
followed by the symbol “I” (resp. “?”) for emissidinesp. reception) labels, variables
updates are underlined, and guards are denotechbkdis.

Task Generic Model.
The generic task model TM (Figure 1.a) definessé tavhich has to be assigned and
is composed by three locations.

In the initial location, the task is waiting for an assignment on a workstation w
The transition that can be fired corresponds toetnéssion of an assignment request
on the workstation w



Once this request has been emitted, the modelitng/an the ‘waiting for a work-
station answeérlocation for an answer from a workstation modwglttcan be:
« a refusal: in this case, the task comes back imit&l location, ready for
another possible question;
e an acceptance: in this case, the template attagnisst location;
The last location task assigneédrepresents an assigned task which could not make
another request (uniqueness of the assignment).

Workstation Generic Model.
The generic workstation model WM (Figure 1.b) isnpmsed by two locations. It
defines a workstation pywwhich accepts or refuses task assignments acgptdide-
fined constraints (C1 and C2). In the initial laoat the workstation wis waiting for
an assignment request. Once a request is receiwedaf task model TM, the location
called ‘Computing answéris reached. From this locatiofComputing answer’
there is two transitions with exclusive guards eorihg the two constraints depend-
ing from the current workstation capacity:
» if C1 and C2 are false, the workstation rejectsabsignment by sending a
refusal to the task t and returns to its initiaddton.
« if C1 and C2 are true, the workstation acceptsagggnment by sending an
acceptation message.
If the request is accepted, the assignment parasnate recorded as the list of already
assigned with A(} = w.

Waiting for assi

Waiting for assignment request
Rejected ? Assignment Requasted ?
[not(C1 & C2)] Assignment requasted !

Rajected !
Waiting for a workstation

W answer

Accepted?

1&C2
- —
Accepted!
Cb Task assigned =

(b) Workstation generic modal

(a) Task generic modal

Fig. 1. Generic models of tasks (a) and workstations (b)

The Assembly Line Generic Model and the Initializaion of the Model.

The complete model is a network of communicatingpenata that is composed of
(Tmax — m) instances of the task model (where messgmts the number of tasks that
are already finished when the rebalancing is daa&), Wmax instances of the work-
station model. The initial capacity of workstatidasset according to the already fin-
ished tasks.

The correct synchronization is ensured by sendirdjraceiving messaggAssign-
ment Requested™Rejected”, “Accepted”). To avoid inconstancies (the sender task



must be the same that the one who receive the vediks answer), the re-
guest/answer mechanism must be designed as alcgéction protected by a sema-
phore represented by logical variableckinvolved in the guards.

Obtaining a Solution.

An acceptable solution is obtained if a trace reachstate where all tasks are in their
final location “task assigned” exists. If such ace exists, the recorded assignment
parameters constitute the searched solution. Mdketking is a formal technique
that explores the state space of a DES model tatifflesome properties, expressed
using temporal logics, is enforced (or not) in thieole or partial state space. This
technique can easily be used for reachability isgitie a depth-first strategy to avoid
explosion. The property can be expressed using €fdression (Computation Tree
Logic) [12] as:EF(“All tasks are assigned”where E is the exist path quantifier, F
the eventually temporal quantifier. This propertgans: there exists a path where “all
the tasks are assigned” will be true one day.

4 Case Study: Trane’s application

4.1 Case Study Description

This approach is evaluated using an industrial chsdy given by Trane Company.

Trane is a firm selling cooling and heating air ditioning products and services.

This firm's particularity is that the productionasganized in manual assembly mixed
model lines according to the DFT (Demand Flow Tetbgy) basics. Because of the

products’ dimensions, a well-balanced assembly ifnenandatory to avoid stocks

between assembly process and its feeders. A wiahbead line must respect a pro-
duction pace, the takt time.

The considered case study first three steps of apedations assembly line are con-
sidered to be sure to finish a product’'s part befitve test mandatory performed on
the fourth workstation. The description and theation of some tasks are given in

Table 1 and the precedence graph is given on Figuiiéhe targeted takt time is 67

minutes (4020 seconds). The initial line balanétgssumed to be known as depicted
on the Figure 3 (maximum takt deviation = 228 selsdn

Table 1. Some Tasks desciption

Duration Duration

Name Description (minutes) (seconds)

Prépa & pose Base 3,3 198

Pose Evaporateur 6,4 384
15 Pose compresseurs C1 22,55 1353
16 Pose compresseurs C2 2255 1353

Fig. 2. Precedence Graph
17 Brasage ligne Compresseur C1 16,2 972




4.2 Results

Example 1.

For the first example, the delay is detected duthmey task 4 on the first work-
station (this task is longer than planned, butait’tbe moved, because it is already
started). The two first tasks assigned to the fustkstation are already finished. As a
consequence, the remaining available capacitydiscexd.

With a delay of 60 seconds a new assignment isdfotine taskdcould be moved
from the first to the second workstation leadinghe following balancing (Figure 4)
(maximum takt deviation = 280 seconds, Fig.4).

Workstation 3 |

3948

14, 18,19, 20,21,22,23 WB;B' 14,18,19,20,21,22,23

Workstation 2 Worlkstation 2 9,10,15,16,17
2840 ‘ 10,15, 16, 17 w012

F 1,2,3,4,5,6,7,8,9,11,12,13  Workstation 1 1,2, 3, Delay, 4,5,6,7,8, 11,1213
Workstation 1 3740
3792 ‘ ‘

0 1000 2000 3000 so00  Duration (seconds) o 1000 200 3000 ao0  Duration

Fig. 3. Initial Line balancing Fig. 4. First disturbance, 60s delay, cor-
rected line balancing

Example 2.

For the second example, the delay (120 secona®tésted during the task bn
the second workstation. The 15 first tasks assidoettie two first workstations are
already finished. According to these constraintsi@a better solution could be found
(maximum takt deviation = 280 seconds). With a glelaperior to 165 seconds, there
is no acceptable solution agreeing with precedenostraints and the takt time con-
straint. (In this case, we must raise the takt tbmestraint value to obtain a solution.)

5  Conclusions, Future Works and Perspectives

In this article, we have shown how the reachabdityalysis could be used for an as-
sembly line rebalancing. This algorithm is inseriie@ predictive/reactive process in
an intelligent manufacturing system context. Itofly gives an acceptable solution to
adapt locally the predictive optimal balancing.

But sometimes, if there is no free space left, yieleould not be absorbed by a
simple reassignment of tasks. That is why our itmorks would deal with the paral-
lelization of tasks. Furthermore, the cost of theonfiguration would be included in
the model. In fact, sometimes moving a task is neoq@ensive than just dealing with
the delay. Of course, this new approach will be parad with other methods con-
cerning its ease of initialization, and the exemutpeed.
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