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ABSTRACT

The paper presents a scheduling system which wagrdel for a electroplating
production line. The system allows flexible prodoit in the real time environment. The
number of transport hoists is routed as well asnita and material treatment processing
stations are scheduled in order to create a fumaltigproduction line. The expert
knowledge is used for preparation of productiomad®es. The system manages to create
schedules in the real time because of using madearaing methods to identify
production system state and support the decisioeess of scenario selection. The
Intelligent Scenario Selection Method is used om rial-life production line located in
Wroctaw, Poland. The paper presents issues thatr @ot analyzed line and the results
achieved by using The Intelligent Scenario Selecki@thod.

Keywords: hoist scheduling, real-time productionsteyns, flexible manufacturing
systems, machine learning

HOIST SCHEDULING PROBLEM

In electroplating industry a HSP — the Hoist SchieduProblem occurs. The problem
lies in creating a proper schedule for machineskimgr on a production line. The
schedule is used during production by the procgssiachinery. When machinery works
accordingly to the schedule, the processing isoperd. On electroplating lines items
are chemically processed. The items are transpémted a workstation to a workstation
by automated hoists. An electroplating line candpoe multiple item types. In case of
electroplating industry, usually metal elements @ated with noble metals e.g. nickel,
chrome. The Hoist Scheduling Problem also occurstirer industries, production of
printed circuit boards and food processing. Eaddyced item type has its own sequence
of visiting workstations, processing intervals,.dtt practice, production lines produce
multiple item types because either a line was aesigo perform multiple technological
processes or within single technological process. @roming), items vary in size or
other properties and require different sequendaras of processing.

Depending on the used scheduling system, the ptioducan be organized cyclically
(the Cyclic Hoist Scheduling Problem — CHSP) andatyic (the Dynamic Hoist

Scheduling Problem - DHSP) - order driven. In tlgelic production a static schedule,
called a cyclogram, is repeated a certain numbé&mas in order to produce items. Such
organization has its advantages, like simplicitd @anedictability, but lack in flexibility.

In case line is supposed to process multiple itgmed, low flexibility leads to resource
waste and may make the whole system less profitlease of DHSP, a schedule is
created and is adapted constantly during produckeaduced items vary both in type
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and in time of introduction to line. We present Hoheduling system, which divides the
problem to the Local Problem (Lamothe 1996) and réad-time part. Real-time part
reacts on new item orders, verifies the feasibityschedules and implements schedules
to line automatons.

DYNAMIC HOIST SCHEDULING PROBLEM

Electroplating lines cover processed items with tiiaterial coatings using chemical
reactions — usually by galvanization. They are @uatted production systems, which use
hoists as transportation. Production line is madeseries of workstations. Each
workstation is capable of performing different eltary chemical reaction or material
processing operation. Production is based on stibgethe input products to several
reactions in specific sequence.

Production line consists oBaths (tankspndHoists.Baths are workstations that perform
a certain stage of the chemical or material prongs$sroups of uniform workstations
are also considered. Some workstations can penfioone than one stage in processing —
they are called multifunctional workstation. Ba#re arranged in line, and they create an
axis of hoist movement. Hoists — automatons coletldby schedule. Hoists are capable
of transferring products between workstations. komove only in production line axis.
Hoists cannot pass each other. A hoist can pickngpput down products to workstation.
Hoists cannot pass products between each other.plideessing starts when a hoist
plunge item to a bath. This happens because othbeical nature of the processing.
When a hoist plunge an item to workstation we réfeit as the operation of putting
down of an item. The processing stops, when thst Ipacks item out of a bath. In case of
chemical processing, instead of time of processih@ certain workstation, we have
quality constrains. It means that an item is immens the workstation for at least given
minimum time and no longer than given maximum time.

In order to increase flexibility of the producti®ystem, some production lines are
designed to produce many item types. This is dgneomposing workstations, which are
required to produce the certain type of item. Sahird item types differ in sequence of
visited workstations and times of processing as¢hoorkstations.

The electroplating production lines scheduling wascribed in many publications. One
of the first papers about HSP Phillips 1976 deswithe simple application, where the
production line has only one hoist and simple segeeof production — always to next
workstation. More recent publications Varnier 199an 2008, Liu 2002 expanded the
problem to multiple hoists, Leung 2003, Mak 2002 ahitrary production sequence,
groups of workstations, multifunctional baths MaB&02. Mentioned papers describe
creating of cyclograms in the cyclically organizembduction and present solutions for
solving CHSP. The latest papers that introducetsois for solving DHSP also vary in
details. Hindi 2004 limits the problem to a singjeist. Jegou 2006 does not consider
workstation groups. However, all papers proposeesaon-exact methods - heuristics.
This is understandable, because Lei 1989 provedHB® is NP-Hard type of decisive
problems and calculation effort is too big for tkeal-time calculations in DHSP.
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Fig. | The Electroplating Line Overview

The Fig.l presents an overview of typical electabiplg lines. There are two hoists, three
products waiting to be processed, and four iteragracess. The hoist on the left is
picking the item from the second workstation inelinThere are eight workstations in
total.

In the cyclic production, an item must be availallea loading station every given
interval of time. You cannot immediately change item type. Due to the cyclic
production, a line gradually is loaded with itenmsl after a few cycles the line is full and
produces one item each cycle. If we want to chahgeroduced item type, the line must
be unloaded - no item is introduced at the loaditagion and after the same number of
cycles the line is empty, and we can start produoiew item type. If we are interested in
producing many item types together, we have to @cesech a costly line loading
unloading phase. We may also switch the produdtdhe order driven.

The DHSP occurs when the production is performedessribed above, but new to-be-
produced items availability is not known in advanéée need to maintain a schedule,
which includes currently processed items and nemtiered items. Since the items are
not known in advance, schedule cannot be prepaadire Scheduling is parallel to
production. Usually, it is assumed that productontinues with the schedule, which was
used before a new order was specified as long &s sehedule is created. This
organization of production is convenient for midtéem planning in a company. It may
allow achieving the higher utilization rate of restes as well as higher performance of a
production line. Advantages of order driven producttcome with cost. A real-time
scheduling system is required. A significant comafioh power may be required by such
a system in order to provide schedules on timeaaodd defective items otherwise.
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The Scheduling System

The goal of a scheduling system in an order drelectroplating production line is to
create constantly a valid schedule for all itemdeoed through all production time.
Creation of schedules is a real-time problem bexraums cannot halt the production
overall at the time when a new order is specifiédve stopped, the items that are
currently processed would break the quality con#isaand be defective. Therefore, we
propose the scheduling system (Fig. 1l), which bas® the old schedule until it finds a
feasible update.

[ New Orde ] Line Controller

. | Adaptatior) @urrent SchedLD

Time

Line State

Up-to-Date
/ Chect
[ New Schedule] Implementation o
New Schedul
+
Adaptation: Solving Production
Local Problem Line

Fig. Il The Scheduling System

When a new order is stated at a momentthe line controller decides about the
adaptation moment — time in the future, from which the schedule dem will be
carried on.t=r+A, A>0. Line controller provides also information abou fine state at
the adaptation time according to current scheduiee state is a parameter to the
scheduling algorithm, which generates a feasibhedale. Creating of schedule lasts
of the cyclogram unfolding computation time anddurees an updated schedule. Besides
other constraints, the updated schedule is the santiee current schedule up to time
At this point, the new schedule is checked agatssapplicability (o<4). In case the
updated schedule is infeasible, the schedulingesysigures out a new adaptation time
and a new Local Problem is solved. When the adapté&t successful, the line controller
implements the new schedule to the production lifige line controller converts the
schedule to some automaton language e.g. STEP7.

The presented scheduling system does not guartiratea valid solution is found, unless
the adaptation time can be eventually estimated correcfty<A) after a number of

iterations. Therefore, the system quality dependsboth adaptation time estimating
algorithm and scheduling algorithm.

There are no assumptions made on the new ordecanlbe a single item of a certain
type or a sequence of multiple items of many types.
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In order to describe the scheduling system in naetail a notion of the Local Problem
and the Intelligent Scenario Selection schedulieghmd is going to be described first.

The Local Problem

The problem of finding the schedule for specifigdt] queue of items, and line state can
be formulated as optimization problem. The probfgErameters are: the properties of the
line (workstations locations, sizes, workstationmts), the hoists count, the hoists speed.
Other parameters concern produced product typessafjuence of workstation for each
product type, minimum and maximum times of progegsn visited workstations. The
parameters describing the line state in adaptaitioe: hoist positions, processing stages
of products processed, a queue of to be processet iare also considered. A result
schedule can be described by decisive variableshisf problem: routes of hoists,
assignments of pickup operations to hoists, assgitsnof put down operations to
workstations in groups, times of pickup and put dowperations. The optimization
criterion is minimizing the time of a last put dowperation. Such criterion maximizes
the performance of the production line for a giyaoduct order. Similarly, to other
scheduling problems, DHSP has many constraints.edatd must fulfil process
requirements — processing sequence must be cgorecgssing times must not be shorter
than specified minimum times and longer than sptimaximum times. A hoist can
carry only one item at the time, a workstation gaacess only one item at the time.
Hoists cannot move outside their physical capadslitand they cannot collide. It is
usually assumed that no collision is present wheang time the positions of hoists are
not close enough. We provide only relevant symliioés are necessary to describe the
cyclogram unfolding method.

N- number of product types, »ON={1,.,N}. Z={z(1),..3(K)}
={s(1),...s(kC)} 0{5(1),..,0(KQ)} - queue of items to be produced(£)0N - in
process products types upon reschedulig) 0 N - products in queue; (#) ON, KO -

number of items in queu&C - number of items processed on line during resdireglu
K=KC+KQ. L- number of workstation groups present on ling; number of

workstations of type/, /DI::{L...,L}. 0, ={wl,...,w1(”)}- sequence of workstation
group types necessary to manufacture product @& ypw,, 0L - workstation group

type of ; -th product processing stage of type () 01 (#) ={1,...,I(n)} whereI(x) is
number of steps in of product typgrocessing sequencél - number of hoists present
on line, s0H ={1,..,H}. 4,,, 17,,- minimum and maximum amount of time needed for
product of typerz should be processed inth workstation group.

Parameters are derived from physical propertieprotiuction line and line state in
moment of rescheduling. A schedule can be creatsingy on values of following
optimization problem decisive variables: routes bbists have to be found:
U(h,4), A0{1,..,Y}- the routes of hoists, represented as positionhat / in

production timeA. Y- time of production cease. The variables(.), Loy~ the
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moments of picks and puts of products th step workstation have to be established as
well. The activities of picking up and putting dowarmproduct from/to workstation have to

be assigned to the specific hoi%ts,-(z(k)) OH, b i(ew) 0H . Additionally, for given step
()" Note that

not all decisive variables are required to be folridkup and putdowns of items already
in process are already calculated up to the timed#ptationt=r+A. Initial hoists
positions are in fact hoists positions in adaptatime U (4,0) =U (4,#).

of product processing, a specific station from grbas to be chosem:k’[(

An optimization criterion used to reach a maximunanofacturing performance is
0 =max(z_‘k’](z(k))). The optimal solution is found when criterion rieas a minimum.

The criterion is minimized when last item in sequesteaves production line as soon it is
possible.

Finding any feasible solution is very hard becassene decisive variables value
permutations are to be analyzed. This makes thespalce search possible only for very
small problems and cannot be scaled to non-trpriablem sizes. Heuristic method of the
Intelligent Scenario Selection is used to solve tleeal Problem instances. The
scheduling method uses few basic operations: segmercyclogram unfolding, and

shifting.

— =Y,h= =Ki(z(K)=1(4K)[ ¢ =K.i(z(Kk)=1(4 ¥)
Let S_{Z' P'Ut::,::lH{U(h' t)} ’ Ut:;i((z(k;)):ol( k){tkvi(z(k))} ) UE::,i(z(kl;):Ol {Ek,i(z(k))}’

Utzz;i((:((k;))):ol(Z(k)){ﬁk,i(z(k))} Uo i‘i((zz((kg)jo'(z(k)){nk,i(z(k))}} be the schedule for queue Z. Let us mark
Y(sr) as the shifting operation. It shifts the schedsley r seconds. The operation
changes the schedule variables as defin@duw) =t(4s) +7, top) =ty 7

U(ht-7),t-r>0
U(h’t):{ lE(h,O),)t—rsO '

Segmenting operatio(z), divides products from orders to segments of itefthe

same type, such thafs, ..o} ={s.-.5s} O O{scan S5} Where> | §=kQ
and s, =s,0jm=1,..,$, F 1,...,.SEC Segmenting divides the new order to sub-sequences
of items of the same time. l.e. §51,31,2238means that following segments are

created{13 ,{3,{}.{2.3 .,{3.3.

It is important to introduce the idea of cyclograwhich is a cornerstone of cyclic
production. Cyclogram is a specific type of schedused in electroplating lines. In [3]
authors claim that the cyclic production causesdule to be periodic. Cyclogram is a
schedule that represents one period, a cycle adgrerschedule. Cyclogram contains a
constant number of hoist operations. Repeated averover again, it allows production
of any number of items. Cyclograms are built thesywthat one item is introduced and
completed during one cycle. Main features of cy@og are a capacity and a cycle time.
The cycle time is a length of cyclogram in a tinmdin. The capacity is a number of
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cycles needed to be performed in order to loay flproduction line and produce a first
item. Afterwards, a line produces one new item eagatle. There can be many feasible
cyclograms for one item type. Let us assume theretis a number cyclograms for each
item type nO{1,...N} referred asv,,...V,, v,0{1,...V,} . T(v,)— cycle-time of cyclogram
V

., G(v,) — capacity of cyclogram,. Cyclogram can be defined similarly as scheduies i
DHSP - routes, times of operations and assignmieaperations to hoistsJ (v,,h,A),
A0{o,...T(v,)} — routes of hoists, represented as position ohttt h in production time
A for cyclogramy,. t(v,.i(n)),t(v,.i(n))— moments of pick and put of i-th stage of
product n-th in cyclogram,, h(v,,i(n)),h(v,.i(n))— indexes of hoists which, perform a i-
th pick and put of product n-th in cyclogram

Let us markcC(xv,) as the cyclogram unfold operation, for x itemstyge n using
cyclogramyv,. As a result ofC(xv,) we get a schedule based on cyclogrgmwhich

produces x items. Cyclogram operations are repeatadmber of times until x items
leave the line. A schedule lengb(x v,)| = (G(v,)+X) (%)= Toaa[Va] + Turioad Ya] - C(% V)

creates a solution for Z4=z,.,z}, where z=n by assignment:
U (h,t)=U (v,,h tmodT(v,)), tofo,...Jc(xw)} . ti) =t (v, i(n)) + (k+6(i(n))) T (w)
e(i(n)):z:‘j”’{i:tf((\\'/“’,2)):((\\':”2)), ti =t (v i(n)) +(k+8(i(n))T(v), where ¢ is the

counter of passing product between two cyctes.) =h(v,,i(n)), M) =h(v,,i(n)) .

INTELLIGENT SCENARIO SELECTION METHOD

The basic idea of the scheduling method is to erdhéime schedules, which are created in
cyclic production. In cyclic production, in ordey thange the produced item type, the
line had to be emptied and then the new productias started. New production was
performed using some cyclogram prepared for newdgyced item type. There are two
fallacies in such organization. We wait until theelis emptied in order to change the
produced item type, and that we do not allow pargtoduction of two item types. The
Intelligent Scenario Selection Method improves skbeduling in those two areas. Any
new order can be divided to same type segmentsmtiby segmenting operatia{z).

Each segment items can be produced using one ot theyclograms by using the
unfolding algorithmc(x v,). Unfolding algorithm creates schedule parts, whiekd to
be adapted to each other in order to fulfil constsaand create a feasible solution.

Adaptation is done by shifting procedure and raytahgorithm presented in Kujawski
2007.

One of the important aspects of production of tleeristic is that it is adapting its
knowledge about creating high performance schedblesusing machine learning
methods. When a new segment is about to be adaptedyf the decisions that is being
done is choosing a cyclogram from prepared setumdolding process. A classifier does
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this decision. For each product type{1,....N} , we construct a classifieT, . It selects a

scenario used for unfolding and shifting operatialwing scheduling. A number of

problem features are calculated to reflect theestéta line and the characteristic of the
product order. Features include utilization of watations, utilization of hoists, a number
of products in segment, a length of unfolded segmemesource collision count. Each
0, classifies the current line state to the productioenario, which is going to be used in
further processing. The scenario is, in fact, alagram used for unfolding, so the

classifier decides which cyclogram is going to maixe the performance.

The algorithm pseudo-code:

Scenari o Sel ection

1) Calculate = for queue Z
2) Result = CURRENT_SCHEDULE
3) for x =1to SEGin

{31,1:---,3151} a D{ %EG.11---'%EG§G}

3a) Select v, using L, and Result.

If classification is
i nconcl usi ve select arbitrary

Ve, from {1,...,\/%}

3b) Calculate S(X):C(S“\éﬂ).
3c) Find smallest rthat there
exists collision-less routing for Result OW(S(x),7).

3d) Resul t=Result OW(S(x).7)

The Intelligent Scenario Selection Method allowgtioving the scheduling system. We
can see that every iteration in point 3), of thgoathm, updates the result. We can
consider that each segment is, in fact, separater.off we assume so, time of the
calculation is independent of the size of the ardéat increases the responsiveness of
the real-time system. We are updating the schethdes times but each update is
calculated much faster than calculating the whaotieio Each update pushes the time
horizon of the outdated schedule further into fetuAdditional advantage of such a
solution is that it is easier to estimate the dakion time of single segment scheduling
calculation. It makes the estimation of the closadaptation time easier. Another
advantage is that when theis greater than the time of the last activity frira previous
segment then the schedule is automatically feggipbviding that there is some time for
hoists to drive to their initial position. The sduée in such a case is always valid because
after all the items from the line are unloaded ttienline is empty, so our segment is the
new production starting and no resource collisicaga occur. Another advantage of
cyclogram unfolding is that process of findimgis easier, because most of the problem
constraints are always satisfied. Schedule for segnhgenerated by unfolding procedure
has a number of constraints satisfied: sequenpe&king the item out of bath and putting
the item to bath, times of processing in bathssatesfied, etc... Shifting of the whole
segment can break only some of the constraintdewatihers are still satisfied. The cost
of calculating each segment separately is a losgeakrality that could lead to find
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locally optimal schedules. In Fig. Il the more aietd description of the scheduling
system is presented. The schedule is updated ¢brssggment separately.

[ New Orde ] Line Controller
v . [Adaptatior @urrent SchedLD
[ Segmentation] Time
Implementation of
Line State / New Schedul
A 4 Up-to-Date
Checl
Segment +
Line State [ New Schedule] Production

Line

\'

Adaptation: Solving
Local Problem

Fig. lll. The Detailed View of The Scheduling Syste

ADAPTATION TIME ESTIMATION

The adaptation time is estimated during run time. In fact, the adaptatime is
calculated fromt =7+, A>0 S0 theAis estimated. At the beginning of productianis

empirically set to value equal to expected valuesdfieduling timeE(o). At each

estimation, firstly it is checked whethera is sooner than the time of the last item from
the previous segment introduction to line timeitlis then theA is set to time of
introduction of the last item from the previous megt. This causes that items are
processed in same sequence as ordered. In cagdrdadtction time is sooner than-A
then A is set toE(o) . After each update the expected valuesois updated. If at any

time the up-to-date check fails the next estimatiba is doubled.

EXPERIMENTAL CASE ANALYSIS

The production line in Wroctaw, Poland is a typisaiall electroplating line. It is used in
production of metal furniture elements. The linengiets of 16 workstation groups
composed into one column. One group has 3 worksistiand the other groups are, in
fact, a singular workstation. Two hoists are avd@daHoists maximum speed is 0.7 m/s.
Hoist collision zone is 2 meters - two hoists centannot be closer than 2 meters or the
collision occurs.

We will consider two item types that are frequerdtglered together. Let us mark the
technology process of technical chroming as a "#pend process of nickeling as a
“type B". Table | and Table Il define the processequence and quality constraints for
process, A and B respectfully. All pick up and gdatvn times are 8 seconds.
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Table I. The Technical Chroming Process Definition

No. Step Step name Min. timeMax. time] Group No
1 Loading station - - 1

2 Chem. degreasing 300 420 10
3 Dripping 30 90 11

4 Electrochemical. degreasing0 180 12

5 Warm rinse 30 90 13
6 Rinse | 20 80 14

7 Cascade rinse | 20 80 15
8 Cascade rinse I 20 80 16
9 Anode etching 150 210 9
10 Chroming 1200 1300 8(3)
11 Salvaging rinse 20 80 7
12 Rinse Il 20 80 6

13 Rinse with chrome reductig20 80 5

14 Rinse I 20 80 4

15 Timed rinse. 20 80 3
16 Blow in bath 30 90 2

17 Unloading station - - 1

The step number 10, "Chroming" lasts extensivelyg&y than other steps. For that
reason, the chroming bath is multiplied to threekstations. All three workstations can
be used in the processing.

Table 1l The Nickeling Process Definition

No. Step Step name Min. timeMax. time| Group No
1 Loading station - - 1

2 Timed rinse. 300 400 3
3 Salvaging rinse | 30 90 5
4 Salvaging rinse Il 30 90 7
5 Degreasing | 60 180 10
6 Electrochemical. degreasing0 80 12

7 Rinse | 20 80 14
8 Cascade rinse | 20 80 16
9 Cascade rinse Il 20 80 15
10 Warm rinse 150 210 13
11 Nickeling 200 400 11
12 Degreasing Il 20 80 10
13 Rinse Il 20 80 6
14 Rinse I 20 80 4
15 Blow in bath 30 90 2
16 Unloading station - - 1

To calculate the time required to move a hoist fribi@ workstation, i to j the distance
between workstation centers is divided by the maxmhoist speed and rounded up to

10
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whole seconds. In order to transport an item frograup hoist need to go to the group
center, pick the item up (8 seconds), move to #stilation bath and put the item down
(8 seconds). In order to create as usable schedslesis possible the movement is
approximated by widely used 3-5-7 degree polynomial

Table Ill: The Workstation Centers Positions

GroupNo. |1 |2 | 3 4 | 5 6

Position (m)0.3 [0.941.56 | 2.182.8 |3.43

Group No. | 7 | 8(1B(2) |8(3)9 10

Position (my.084.855.75 | 6.6%7.46 | 8.14

Group No. | 11| 12| 13 | 14 15| 16

Position (mP8.769.42 10.0810.711.2711.79

Production

The organization on the line is currently cyclicihe owners want to switch to the
dynamic production, because they need to producsy iitem types together. As a data to
research, we will use some historical runs andcalpprder ratios. For historical runs the
schedules are available but without the real-tiseat. We can do it offline as we know
the whole order before production is started. Sechis also valuable because it allows
benchmarking the performance of created schedules.

Table IV: Queues to Analyze

Queue Items sequence
Queue 1 AABBAABB

Queue 2 TXA;5xB;5xA

Queue 3 20xA;15xB

Queue 4 5xA;5xB;5xA;5xB;5xA
Queue 5 12xB;4xA;6xB;2xA
Queue 6 8xB;8xA

More general production requirements, which we hamethe Wroctaw line, is that
statistically orders are composed like 1:2, soefach item of type Two items of the type
B are ordered. We are going to analyze the raBafd 1:1.87. For each ratio, the orders
are generated. We are going to simulate the new-piroduction. We generate the queue
of 40 items for each proportion (16xA:24xB and 182xB) with random sequence. We
calculate the schedule for three cases: whole asdkenown at the beginning, the next
segment is known in 100 seconds before the shateslable adaptation time, and the
next segment is known in the time of the shortdaptation time. The shortest adaptation
time is the time where the last item of currentesitiie is loaded to line, adaptation time

11
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must be greater to keep the correct sequencerofiitieoduction. The result is averaged
from 100 generated instances.

Algorithm work example

We have prepared\,V, cyclograms using [13]. Initially there were 56 &3l different
cyclograms. During preparation of patterns for siiéex learning, it happened that only 3
cyclograms of each type are significant. We havetioaed with cyclograms for item
type A: Al - length 415 sec., capacity 7; A2 - [émd24 sec., capacity 6; A3 - length 432
sec., capacity 6; and for type B: Bl - length 240.scapacity 6; B2 - length 257 sec.,
capacity 5; B3 - length 532 sec., capacity 3. Wieehtaained two neural networks, each
for the different type of item. For the Wroctawdir89 features are extracted from line
state, and queue, so neural networks have 39 ingQitaeurons in hidden layers and 3
outputs.

Let us analyze the Scenario Selection method faeu@ul. Let us assume that we are
starting the production, so the line and schedtdeeanpty. = operation gives us four
segments {AA}, {BB}, {AA}, {BB}. In the first step 0 returns A3, S(x) is a production
schedule of two items of type A, its length is 2&&¢tondsz =0 as the current schedule
is empty, so there cannot be any collisions. Weestioe result and proceed to a second
iteration. 0, returns B3, We calculate S(x), its length is 1726asids. We analyze>

440 seconds and find=893 constructs a feasible schedule for AABB witleragth of
2887 seconds. In a third iteration returns A2, We calculate S(x) by cyclogram

unfolding, its length is 2967 seconds. We analyze1433 seconds and find=2464.
We store the result (5431 sec.) and proceed tta#itateration.d, returns again B3, We

calculate S(x), its length is 1720 seconds. We yaeak > 2896 seconds and find
r=3424. The schedule for Queue 1 is created antemmgth is 1:30:31 (5431 sec.).
Scheduling takes around 3 seconds. All calculatiares performed on Intel Q9300
2.5GHz processor.

RESULTS

The tables summarize the results achieved by usiadntelligent Scenario Selection

Method. In order to show how much time can be ghinging calculated schedule, we
compare their length to a base solution lengthcdloulate the base solution length, we
sum up all the products minimum times, pick up 8mputdown times, and transition

times required to produce items from the given gudine utilization ratio is a length of

base solution divided by a length of schedule.

Literature Benchmarks

In order to compare work results of proposed hststeduling method with results of
methods presented in literature, a series of tastsenchmark problems were analyzed.
We present the comparison of results from Jego,2B@ul 2007 and Lamothe 1996.
Both Jegou 2006 and Lamothe 1996 use the simplifiehr movement model, where
the infinite hoist acceleration and deceleratiom @asumed. For these tests, we use also
the linear movement model.
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Table V. Comparison to literature benchmark problens

Type of benchmark Result from literature  Results Tdfe Intelligent Scenarip
Selection

Jegou 2006 62 products in 8:00:0008 products in 8:00:00 hou
hours 62 products in 4:44:00 hours

Paul 2007 27:56:27+2:37:47 24:14:45+1:28:53

Lamothe 1996 00:04:11 hours 00:03:29 hours

(sequence 1,2,3,...,13

Lamothe 1996 00:04:55 hours 00:04:02 hours

(sequence 1,5,6,...,1)

In Jegou 2006 a local scheduling problem of 3 tygfgsroducts and 2 hoists is given as
the example. A goal was to create a schedule foo8s of work and see how many
products will be finished in this time.

In Paul 2007 benchmark deals with 4 types of prtedan single hoist line. A mean of 10
tests with random sequence of 40 products with ngigaantities of each product is
presented as the result. Presented results ardefault parameters presented in Paul
2007.

Lamothe 1996 presents a classic benchmark probleowrk in HSP, introduced by
Phillips 1976. Only one type of product is procelsdeamothe 1996 uses this process
definition for scheduling with two hoists and quenfeitems. Since only one type of
product is scheduled and new item is always adualessi input buffer, although no cyclic
assumption, authors claim that schedule should bygslec nature in this case.

The Wroctaw Production Line

Table VI Queues

Queue Historical ScheduleScenario Improvement] Utilization
Length Selection Ratio
Queue 1| 2:41:36 1:30:31 43.9% 2.44
Queue 2| 3:28:48 3:11:32 8.2% 2.81
Queue 3| 4:34:51 4:26:05 3.1% 3.97
Queue 4| 5:11:12 4:45:21 8.3% 2.59
Queue 5| 4:02:48 3:41:36 8.7% 2.47
Queue 6| 2:33:24 2:22:14 7.2% 3.12

In all cases the used method as better than thedeschedules.
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Table VII Ratio 16:24; The Scenario Selection

Test Type Schedule Length  Utilization RatiBcheduling Length
Entire Order Known 9:42:56+ 2.05+0.20 0:14:20+

1:15:03 0:05:36
100 Seconds Before11:09:50+0:18:04 1.76+0.03 0:00:27 per segment

Adaptation Time

11:08:29+0:12:181.76+0.03

0:00:27 per segme

nt

Table VIII Ratio 18:22; The Scenario Selection

ent

Test Type Avg. Schedule LengltJtilization Ratio| Scheduling Length
Entire Order Known 9:33:57+ 2.00+0.18 0:13:57+

1:00:36 0:05:54
100 Seconds Before10:44:49+ 0:12:30 1.77+0.03 0:00:26 per segn
Adaptation Time 10:44:00+ 0:12:23 1.77+0.03 0:0(0p26 segmen

]

Table IX Ratio 16:24; The Cyclogram Unfolding

Test Type

Schedule Length

Utilization RaltiScheduling Length

Entire Order Known

10:47:03+
0:39:12

1.83+0.11

0:20:08+
0:12:37

100 Seconds Befor

£13:16:11+ 0:18:19

1.48+0.03

0:01:00 per segme

nt

Adaptation Time

13:19:27+ 0:18:531.47+0.03

0:01:00 per segme

nt

Table X Ratio 18:22; The Cyclogram Unfolding

ent

Test Type Avg. Schedule LengltJtilization Ratio| Scheduling Length
Entire Order Known 10:51:04+ 1.76+0.10 0:17:11+

0:37:40 0:11:11
100 Seconds Before12:58:18+ 0:17:45 1.47+0.03 0:00:59 per segn
Adaptation Time 12:59:13+ 0:17:11 1.47+0.03 0:00089 segmenF

In all tests in real-time produced schedules wer¢oddate and did not require additional
iteration of scheduling. We can observe that reaétproduction has overall worse
performance than production performed on preparededule. Nevertheless, the
relatively high utilization ratio is maintained. @hmovement model parameters
(acceleration, deceleration) were constant foteiles.
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SUMMARY

The scheduling algorithm is efficient enough foe tiroctaw line and possibly for
similar sized productions. The presented methocbmpetitive to previously proposed
methods from literature. The scheduling systemgbype is being tested in real-life
electroplating test.
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