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Deadlock- and Collision-Control in Robotic Flow Shps

Claudia Fiedler and Wolfgang Meyer

Abstract— We describe a resource oriented modelling Euclidean. Additive travel times follow the trialagdaquality
method for robotic flow shops and exemplify it by agalvanic and Euclidean travel times follow the triangle inality.
plant w_ith 25 tanks and 2 transporting gn_its. Deadbcks due to They are symmetrics{=5;) and zero from a machine to itself
loops in the process plan and collisions among théwo (3;=0). The transport timeg between the operations are

transporting units are the major problems which ocar in this . i -
kind of discrete parts manufacturing. To avoid deatbcks we the sum of travel times; and a constant time needed for

describe an event dependent and a capacity dependestrategy. loading and unloading the part. The parts in thpifrstation
We also describe a collision avoidance strategy fdwo robots ~ can be of the same type or of different types. gbal is to
with overlapping handover areas. Both strategies @& minimize the cycle time V for the transporter setee
implemented in a Petri net based simulation enviroment. The  \which equals the job release time in case of idahparts

off line tool is used for the interactive design oéchedules and (or products, or jobs), or to minimize the throughpme in
routings for robotic flow shop transport systems. e '
case of different part types.

Keywords— Timed Petri Nets, Manufacturing, Hoist

Scheduling transporter 1 < transporter 2
> >
|. PROBLEM STATEMENT I I
HE increasing use of flexible production environmsen
poses high demands on production planners. Betides I:l_l:l I:l_l:l
necessity to optimize the stationary productioncpss over
a long period it is more and more important to bée o r— -1
change quickly and efficiently between differenbgbuction | Mo [ My | My | M3 | My Mt | My [Mini!
modes. For plants with automated transport systeensave | _ - _l
to find optimum control sequences for the transod meet ~ MPut output
storage storage

the requirements. Therefore we have developed alaion
model to find control sequences both for statioremy for
flexible production environments. We extend the siod
described in [1] by a capacity dependent deadlecidance
strategy and a collision avoidance strategy for tmosport |- ROBOTICFLOW SHOPSCHEDULING: STATE OF THEART
robots and discuss results of a real plant apmicat We address the Hoist Scheduling Problem (HSP) &eee
The application considered is a line of basins @ining special case of a robotic flow shop [2] [3]. An oxiew of
chemical, electrolytic or rinsing bathes served dne or different kinds of HSPs is given by Manier and Biaa [7].
more transporters (Fig.1). The plant consists ahathines They extend the Graham notation for job and flowpsh
(or basins, or tanks) M..., M., an input station Mand an scheduling [3][8] to HSPs.
output station M., sometimes combined at the same place. In HSP, the operation times per machine are netfixut
The input station houses a set of parts J. Eadhhparto decision variables whose values must be selectau f
be processed according to its process plan, theofishe given range called thenterval processing time. The
operation times;p(i OM) at the machines and the transportransporters have Euclidean travel times [2], aoddéd
times § (i, ] OM) between them. The operation timgsob transporters are not allowed to waib{wait condition). The
part J are kept in intervald u’|with a lower bound;and NP-completeness is proven by Crama and Klundert [4]
Phillips and Unger [5] solved the monocyclic casghw
an upper bounds’. If the upper bound is equal to the lowefinteger programming. Rodozek and Wallace used aichyb
bound, we speak of a no-wait condition. The uppaunial constraint logic programming (CLP) and mixed intege
can be infinity, too. There are one or more trangws T, programming (MIP) algorithm [6].
operating within defined areas on the same or @erdnt In [9] we presented a process centered modellintpade
tracks. The travel time$; can be constant, additive orfor the HSP according to the A-path method of Ztzmad
DiCesare [10]. Additionally, we developed a reseurc
centered model for one hoist in [1]. In this papee, extend
our previous investigations for multiple hoists. &uch

Fig. 1 Layout of the plant
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applications, collisions among several hoists (@nes, or
transporting units) pose a major
scheduling and deadlock control. Before we desigtalsle
deadlock and collision avoidance algorithms in Bast IV
and V, we summarize the fundamental propertiet®fused
scheduling models in the next section.

The general structure of the scheduling model dsvshin
Fig. 2. The parts or jobs are modelled as procgens with
the processing times of operations as attributé®y Tare
released to the request generator with constaeaseltimes
V.

PROCESS VSRESOURCE CENTEREMMODELLING
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Fig. 2 Scheduling model

The request generator (which is the model of tlantpl
sends transport requests to the request sequénberdtate
of the model has changed because of a finishedgaah
operation and the starting of a tank operation.otding to
the predetermined priority, the sequencer decideishnof
the transport requests is fulfiled next as soon tlas
transporter is available. Then the time tabled estreleases
a transporter move if the transporter is not at nieeded
place. Finally, the allocated request causes aspi@h
operation and a new transport request.
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Fig. 3 Process centered model (A-path model)
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The start value of V for the first simulation ruthe sum

problem to systewf the maximum operation times of the bottleneaiktand

the transport times to and from the tank. If a icybehavior
can not be achieved or if the operation times ekcie
upper bounds of the given intervals, the release tV will

be increased by a small amount and the simulatiartss
again until the constraints as prescribed by thetrimet)
model are fulfilled.

In Fig.3 the simplified process centered Petrimetlel is
shown. The A-path as the sequence of tank andpwoans
operations for one process (or job) are on thet kgl the
move operations and the sequencer are on theideffTe
signal flow of the requests takes place along #shdd lines.
The process flow occurs along the bold lines. lbst
processing times of operations can be changedpuy thata
not the sequence of operations.

In flexible manufacturing environments there is astf
change in product types, however. To find sequefaeot
switching or for new products, the process centenedel is
unsuitable because for each new process plan ¢olupt) a
new A-path has to be implemented. As in improvement
modelling flexibility, the resource centered modkelshown
in Fig.4. Compared to the process centered moae¥, the
resources are at the primary focus of interesteautstof
processes or A-paths. The signal flow is similar the
process centered model but the process flow is osagpof
single operation elements using the correspondiagurces.
Therewith flexible A-paths are possible. The fladtip is
reflected in Fig.4 in the number of process flommections,
too. In the process centered model there is justveay for
the parts whereas in the resource centered model
processes can be composed in any order. In [12]
Compact Modelling as a similar concept for the Bitop
Scheduling Problem (JSP) is described and theteftatthe
number of Petri net elements are calculated.
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IV. DEADLOCK PREVENTION forward. Therefore we implementegdrocess dependent
In Discrete Event Systems with loops in the prog#aas capacity restrictions, instead. The prevention algorithm

deadlocks may occur. We therefore need a deadlo®@rks as follows:

prevention algorithm in the resource centered maddel Table 1. Process dependent capacity

enable the model 'Fo swpulate processes with Iogpme operation]0 1 2 3 4 5 6 7 8 9 10
process plan. The idea is to prevent the last @hamghe tank |1 8 5 3 4 2 8 3 6 7 1
state of the plant which closes a deadlock. Theowahg area | ST ) s2 s3 ,
example may illustrate the algorithm: . e A

capacity 1 2 2

Given are three resources & and a. Each resource has
capacity one, i.e., each resource can handle jestod the
processes. For process P1 the actual resource enay for
process P2.aand for P3 a Then these four combinations
for the following two resources for the three prses are
possible:

In Table 1 a process with 11 operations and 8 ressu
(tanks) is given as an example. There are 3 lospurees in
the process plan: tank 1, tank 3, and tank 8. Elseurces
with loops are marked as bold numbers. The ide&ois
restrict the capacity of the area between two loegources
to the number of non-loop resources. If there isan-loop

(aaa) (aag ( aap resource between bold numbers, they are groupestheg

a.a and considered as one loop resource. Table 1 sBoarsges

Pl= (3a39) D P2 (239 and PS( 2% . S1 to S3 with the capacities allowed. With thisrante
(aaa) (aag (2ap restriction for new tokens (or jobs) it is guaratehat it is
(aaa) (aag (2,2 49) always possible to move a part (or job) from a loegource

to a non-loop resource.

In Fig. 5 the simplified model with deadlock pretien is
displayed. The decision of the sequencer for one abu
several concurrent processes is based on the deefithe

kactual tank operation. Other priority rules are qilde as

because P1 blocks the next tank of P2 and P2 heaseit well. The timetabled request which is sent from the
sequencer to the deadlock prevention module cantain

tank of P1. A deadlock with size 3 occurs if P y : ,
P2=(3 a &) and P3=(a & a), because therellﬁalt)hreelnformatlon about the operation number. The deddloc
involved processes and for eac’h of the three psesethere prevention algorithm then decides if the capacityhe area

exists a process which uses the next resource. mbahs under consideration will be exceeded when the pesl
there is a deadlock if be transported to the next tank, or not. If so, deadlock

prevention module sends an inhibit signal to thgueacer
for this process and tries the next one. Every timestate of
the request generator changes as caused by a dransp

Each combination of the three processes P1, P2P8nd a
deadlock with either size 2 if two processes ooueses are
involved or size 3 for three involved processes.&@mple,
if Pl=(a & &) and P2=(aa &) then there is a deadloc

Let P be the set of processes in the plant

P:{Pl--P'}‘? MmN ) operation, all the inhibited requests stored in skgquencer
and each Reonsists of the actual and the next operation, module are tested whether the danger for deadtithads
R=(donar o) 1 1510t (2) ornot

then there exists a sub€gof P | reauests token
control
QOP; Q={Q...Q}; MmN ®) ke Co)gp.-- .
. A state of plant
with Y NASNY / tagk RREN and timetabled
AQ —AQ (4) SRS ‘~~.\\request
actual — /M next ESEEE] ST
where A2, . is the set of the actual resources occupied k o By v
timetable
deadlock
the processes d and AJ, the set of the next resources euest brevention
- 0 modul
used by the processes@f move and / RN T
transport . . e <

In the implementation of the resource centered ehoa:
have to prohibit the transport of the last jobtattresource ransportef
which leads to Eqn.(4) and results in a deadlock. a4l it
an event dependent deadlock prevention. In the worst case it T:ﬁp?f
needs a lot of calculation time to decide if a $gort out
operation results in a deadlock because we haviedio

ahead at least until each process in the plant tmek step

allowed or
) forbidden request

output

Fig. 5 Resource centered model with deadlock ptexemodule

ISBN: 978-988-98671-0-2 WCECS 2008



Proceedings of the World Congress on Engineering and Computer Science 2008

WCECS 2008, October 22 - 24, 2008, San Francisco, USA

V. COLLISION AVOIDANCE

In our plant application there are two transportaisone
track serving two overlapping areas.
overlapping areas a collision avoidance strategy iaust.
Fig. 6 shows the extended model.
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Fig. 6 Resource centered model with two transpeded one collision
avoidance module

There are n tanks and two transporters. Each ofvtbe
transporters needs its own sequencer. After sequgiice
transport requests, the deadlock prevention modhéxks
the possibility of a deadlock. Then the collisioroi@ance
module tests if the transporter intends to enterdbilision
endangered area. The size of the collision endadgarea
depends on the layout of the plant and therewiththan
implemented allocation conditions. Fig.7 shows aangple
for a collision endangered area.

tanks: 1 ..1314151617 1819 ... 32
allocation conditions for at
transporter 1 o S | |
I ey R SR A 1
T a2
allocation conditions for [ o O O B O
transporter 2 o2 0 L

handover area

start of transport collision endangered area

end of transport

Fig. 7 Allocation conditions for the transporters

The solid lines mark possible start tanks s ofaamdport
operation and dashed lines mark possible destm#gioks e
of the transport. There are three conditions aftw,ceach
transporter. These conditions read as follows (@mp-ig.
.
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Because of the

1. The transport operation is conducted by trariepdrif
atl=(€1140 e[ 114R
bi=(<[151p0 & 19k
cl=(s3{171p0 & 113
2. the transport operation is conducted by trarisp@rif
a2=(<173p0 g 143p
condition a2 bZ] cZ is true, b2:(sD[15 160 g[ 16 E])Z

c2=(¢J14 130 & 19 3p

The ranges of al and a2 define the handover atéBn
cl, and b2, c2 describe the behaviour of the ti@mers if
start tanks are within the handover area. If thaimmum
distance between two transporters should alwaytatger
than 1 tank then the collision endangered arealtsesn
[13,19] in the example of Fig. 7. There is only one
transporter allowed in this area and it has todeas soon as
the transport has been finished. During this tireeqa the
second transporter can only perform transport djpsis
outside that area.

The Petri net implementation of the collision awaride
algorithm for one transporter is shown in Fig. 8efe is a
similar algorithm for the second transporter. Ierh is a
transport request for transporter 1 (the placéatiop right
is marked by a token), it will be tested if eithbe start or
the end tank is in the collision endangered area.

condition ald b1 clis true,

start or end in
collision
endangered area

transport request
for transporter 1

start and end not
in collision
endangered area

disabling signal
from transporter 2

waiting
signal

transport
release

Fig. 8 Collision avoidance algorithm for transpoite

If not, the token goes straight to the transpotéase
place. If yes, it will be tested if there is a dikag signal
from transporter 2. In case of a missing signaltthasport
request will be released. If there is a signal tla@sporter
has to wait until transporter 2 has left the cuhs
endangered area. Other strategies can be implednearste
well.
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VI. FACTORY APPLICATIONS

Besides the 2 transporters, 6 loop resources dXist

The concepts of Sections
implemented in a simulation tool being used fompldesign
and scheduling. The result of a simulation runtimasporter
sequence in a text file which can be directly tfamed into
a PLC to control the transporters at the factooprfl The
input is an Excel file with the process plan, theventimes
for the unloaded transporters, the information abihe
overlapping area, and the information about thecese
dependent capacity restrictions. The model is implged in
PACE 5.0, a simulation tool for coloured timed Petets
[13]. lllustrative examples for plant design andnsport

IV and V have beelpdicated grey in Table 2, first column). Accordity the

deadlock prevention strategy in Section 1V, there &
restricted areas S1 to S7 with maximum capacities to 4
(indicated white in Table 2, first column). Two &g of
simulations have been conducted to understand
functionalities of the deadlock prevention and isah
avoidance modules. Table 2, columns 4 and 6 shew
results for two different capacitiy restrictionsetsecond one
more restrictive than the first. In both cases,only need to
restrict those areas S1 and S2 (respectively thevanet

the

th

resources tank 25 and 22) which lie upstream of the

bottleneck resources tank 21 and 20. For thesecbses,

scheduling for 1-hoist galvanic plants are givend ancolumns 4 and 6 show the deviations from the lower

described in detail in [1].
A complex real world problem for two transportingits
T1, T2 is shown in Table 2. The table in the fitgb

boundary of the processing time interval for thstfset of
processes which uses one set of parallel reso(taelss 4,
13 and 20), and for the second set of processeshwises

columns contains the process plan as the sequehcetamks 5, 14 and 21). In this application, the lesstricted

operations in the respective tanks and the proicess/al
times. For each process, 25 tank resources are 6sefl
them more than once. Some of them are in pardibel,

deadlock prevention strategy (column 4) performigebas it
results in a transport schedule which only sligltéviates
from the prescribed process plan (tank 25, in greijally,

example tank 20 and tank 21 which are the bottlene€igs. 9 and 10 show the transport schedules aspiber two

resources. The transporters follow Euclidean traivees
between 0 and 35 seconds. For loading and unlodting
need 10 seconds. Transporter T1 starts the proddsshe
transport to tank 2 and tank 17. Transporter T2esetanks
1 to 14, and transporter T2 tanks 14 to 25, wittreadover
range from tank 14 to 18 (compare Fig.7).

Tabhle 2. Process plan and simulation results

Time Capacity. | v=1245 | Capacity | v=1245
tank intervals | restrictions cap .2 restrictions cap.
1 [0:] oo ) 0/0
2 [5:=] 0/0 8/61
17 [10;%=] 1 56/56 37737
25 [235.245] 14/6 31412
23 [60;=] 604/536 1 20/20
24 [120;=] 0/0 0/0
22 [5565] i 0/0 28/28
23 [60;%=] 1097109 86/88
24 [120;=] B29556 | ) 51724
20/21([2390:2410] 0/0 0/0
19 [60;%=] 86/83 25725
18 [120;=] 1557155 57757
17 [120;=] 8/0 2516
15 [175:185] 0/0 30/30
16 [60;=] 0/0 57457
17 [120;%=] 0/0 0/0
13/14| [590,610] 0/0 0/5
12 [120;%=] 57/116 0/0
11 [120;=] 20/0 22747
10 [120;=] 0/0 0/0
3 [175,185] 0/0 0/0
4/5 [[2030:2050] 0/0 0/0

5 [60:90] 1817 16/16
9 [120;=] 979 9/9
10 [120;=] S6/57 56/57
T8 [60;%=] 0/0 0/0
[5:=] 0/0 0/0
1 [0;%=] 0/0 0/0
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lines of the resource Gantt charts. The chart ajspl8
processes (or jobs) concurrently being processéukiplant
in periodic (stationary) operation.

resources
T2 BN NN N L T T - . L
T | - : - [ - N I = n
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21 ——
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-
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3 —
2 |
10

t
Fig. 9 Gantt chart for a release time V=1245 witb testricted areas
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