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Automated storage and retrieval systems (AS/RS) are playing
an important role in modern manufacturing systems such as
flexible manufacturing systems (FMS). The integration of AS/
RS systems and FMS is very complex owing to the complexity
of the individual elements. Stochastic coloured petri nets
(SCPN) can be used to model, simulate and analyse such a
system efficiently and realistically. In this paper, SCPN
based simulation, aided by the Taguchi method of design of
experiments, has been used for analysing the influence of
important factors on makespan, unproductive travel time, and
the mean flow time, and is supported by an example.
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1. Introduction

Automated storage and retrieval systems (AS/RS) are being
used in modern manufacturing systems, such as flexible
manufacturing systems (FMS), at an increasing rate [1]. AS/
RS have been traditionally used as storage systems in
warehouses and distribution centres. Available publications
concerned with AS/RS are relatively few, and are limited to
applications in warehousing. Storage methods, dwell-point
selection strategies, order sequencing, and control are the
main research issues in this field. Researchers have mainly
used analytical tools, simulation, and more recently, stochastic
Petri nets to address these issues.

Scheduling in AS/RS is a complex task comprising pallet
assignment, storage assignment, and interleaving. Optimal
scheduling, considering storage assignment policies, with and
without interleaving, has received considerable attention [2—4].
In this connection, many restrictive assumptions, such as
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continuous rack, negligible loading/unloading times of pallets,
first come first served (FCFS) rule for' storage request
handling, and fixed input/output location, have been made.
Alternative dwell-point strategies and variable input/output
locations are important to fully utilise the benefits of these
systems. Bozer and White [5] considered" these issues in
developing analytical expressions for the travel time of a
stacker crane with the assumption that the rack is continuous
and storage is random. Methods using linear programming,
to dynamically select the dwell-point of a_.crane when idle,
have also been used to minimise the service response time of
the crane [6].

The FCFS rule is widely accepted for servicing storage
requests since, in most of the systems, the sequence of these
requests cannot be altered owing to the conveyor loop.
However, in the case of retrieval requests, this rule is not
justified because these requests are nothing but entries in the
computer’s memory, and these entries can be altered for a
better performance. As a better alternative to FCFS,
researchers have suggested a ‘nearest-neighbour’ retrieval
sequencing policy when the crane is operating in a dual
address mode [7].

On-board storage can be a valuable addition to the stacker
crane of an AS/RS for multiple-part handling in a single
cycle. The influence of on-board storage, in the context of a
direct-access-handler serving a manufactusing-assembly line
and for in-process systems, has been analysed by Chow.
[8-10]. Elsayed and Stern [11] studied the effect of on-board
storage in an order picking warehouse when the stacker crane
is operating in single address mode.

Once an AS/RS is installed and becomes operational, the
planned benefits can be realised through effective methods of
control. Expert system based controller development [12] and
an information systems based approach for the ' study of
operational controls of AS/RS [13]. are the netable' contri-
butions in this area.

A flexible manufacturing system (FMS), because of its
flexibility, is a complex system [14-17]. AS/RS can support
work-handling activities in a FMS. In such an integrated
system the stacker crane of an AS/RS can also transfer parts
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system the stacker crane of an AS/RS can also transfer parts
between machines besides performing the storage and retrieval
tasks. Researchers have studied AS/RS and FMS individually
but not as an integrated system (hereinafter referred to as a
combined system wherever convenient), mainly owing to its
high complexity.

Petri nets (PN) are well-established graphical and mathemat-
ical modelling tools, appropriate for systems exhibiting con-
currency, asynchronism, conflict, deadlock and randomness
[18,19]. PN and their several extensions have been widely
used in a variety of applications including computer systems,
local area networks, FMS [15-17], JIT [20] and more recently,
AS/RS [21]. PN facilitate rapid model development, flexible
and detailed modelling capabilities and fast execution.

In this paper, stochastic coloured Petri nets (SCPN), an
extension of timed PN, have been used as modelling and
simulation tools. Basic details of stochastic Petri nets are
available in [20-22]. A large number of factors influence the
performance of the combined system, and since in practice,
multiple performance measures need to be optimised simul-
taneously, an effective strategy is required in this context.
This paper presents an SCPN based simulation, combined
with the established Taguchi method of design of experiments
to address this problem. The influence of important factors
on makespan, unproductive travel time of crane and mean
flow-time of parts, has been analysed.

2. The System and the Modelling Tool

An AS/RS is a complex system influenced by several factors
such as storage/retrieval policies, crane operation modes and
order sequencing. FMS is also a complex system because
of a large number of interdependent and interconnected
components, tooling constraints, pallet constraints, etc. In a
combined system, an AS/RS serves as a central storage
accessible to FMS, and also functions as an in-process buffer.
The combined system calls for a proper coordination of the
assignment policies and crane operation modes of an AS/RS,
along with the job scheduling rules of the FMS, for the
effective utilisation of these capital intensive systems. In a
typical system, consisting of an AS/RS interfaced with an
FMS, the stacker crane functions not only as a storage and
retrieval machine but also as a transfer machine for moving
semi-finished parts between machines. The FMS produces a
number of part types on several machines. Alternative
machines can be used to process parts. Palletised parts are
stored in racks which also accommodate semi-finished and
finished parts. A palletised part is moved on to various
machines for processing, and on completion it is sent for
inspection or for assembly. Machines can fail during the
processing of a part. In such a system the stacker crane is
required to attend to retrieval, storage and transfer requests
which form separate queues. Conflicts, in the allocation of a
request to the crane, can be resolved using a set of heuristics
which take into consideration the status of queues, the
availability of buffers in machines, the availability of bins in
storage racks, and the on-board capacity of the stacker crane.

2.1 Stochastic Coloured Petri Nets

In order to take into account the complex and stochastic
behaviour of both FMS and AS/RS, and to develop a compact
model of the combined system, SCPN have been chosen for
this work. An SCPN consists of the following elements:

SCPN = {P,T,M,C(P),C(t),[N(P,,Tj),OUT(P,,T,)}

where P = a set of n places, n>0

T = a set of m transitions, m>0

M = a set of marking

C(p) = colour set associated with each place peP

Clp:) = {au ap..a,),i=12,...,n,andu = |C(pi)|

C(t) = colour set associated with each transition
teT

c() = {bj, ba,...;bp}, j=1.2,...m, and v =
IC(1) ’

If IN (p,t)(amnby) # 0 for some h and k, then a directed
arc exists from p; to transition ;. This arc is labelled with linear
input function IN(p; ). Similarly, if OUT(p,;)(in, bj) # 0 for
some h and k, then a directed arc exists from ¢ to place p;,
and is labelled with OUT(p,,t).

2.2 Enabling and Firing of Transitions in SCPN

A transition ¢ is said to be enabled with respect to a colour
b, in a marking M if and only if

j
M(p:)(ain) = IN(pi,t;)(ain,bj), for all p,€P, a;,€C(p;)

When a transition is enabled, it can fire. On completion of
firing, a new marking M’ is reached according to the following
equation

M(p.)(ayn) = M'(p.)(am)+ OUT(p:t;)(Gin,bjx)
—IN(pit;)(@imsbjx)

2.3 Modelling of the Integrated System

The modular and hierarchical approach of model development
supported by SCPN has been exploited here to model the
above described complex system. To this end, individual
modules of processing activity of FMS, and of the retrieval,
storage and transfer activities of AS/RS are obtained. These
modules can be coalesced to obtain the complete model of
the integrated system. Figures 1(a)—(d) depict the modules,
and the interpretation of the places and transitions of these
modules is presented in Tables 1(a) and 1(b), respectively.
Two types of transitions can be seen. Those represented by
thin bars are instantaneous transitions which fire immediately
and have priority over the timed transitions represented by
thick bars. The timed transitions can have either deterministic
or stochastic firing time associated with them. For example,
in this study, the travel time of the stacker crane from one
location to the other is modelled by deterministic transitions
whereas the processing time of a part on machines, and the
failure and repair times of machines are modelled by stochastic
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Fig. 1. (a) SCPN module of processing activity of FMS.
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Fig. 1. (d) SCPN module of transfer activity of AS/RS.

distributions. A software package SCOLPEN, wherein these
modules are resident, has been developed using the C
programming language to simulate and anlayse the SCPN
model of the combined system. The complex nature of the
system necessitates careful modelling of various entities of
the system such as machines, part types, stacker crane, racks
etc, and associating colours to the tokens of places representing
them. The stacker crane of AS/RS, for example, has the
following attributes:

1. Horizontal speed.
2. Vertical speed.

Table 1. (a) Interpretation of places of Figs 1(a)-1(d). (b) Interpret-
ation of transitions of Figs 1(a)-1(d).

Fig. 1. (c¢) SCPN module of storage activity of AS/RS.

(a)

Places Interpretations

P1 Parts available in storage

P2 Machine input buffer

pa Part being transferred

Pa Part in machine input buffer

Ps Machine processing a part

Pe Part waiting for output buffer

p7 Part in machine output buffer

Ps Machine output buffer

Po Part for storage in rack, or transfer to inspection
station

Pio Part in queue for inspection

Pu Machine failed

Piz Machine under repair

P13 Machine available

P14 Crane available

Pis Retrieval requests for completed parts

Pie Retrieval requests in queue

P17 Crane to racks for retrieval

Pis Crane to delivery point after retrieval

Pio Crane to dwell point

P20 Empty bins available in racks

P21 Storage requests for raw parts

P22 Storage requests queue

P2 Crane to pick up parts for storage

P24 Crane to racks for storing parts

Pas Crane to dwell point after storage

P26 Transfer requests in queue

P27 Crane picking up parts for transfer

Pas Crane transferring parts

Pao Crane to dwell point after transfer

Continued
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Table 1 Continued

(b)
Transitions Interpretation
t, Part retrieval request generated
ty Part in the machine input buffer
ty Processing of part begins
ty Processing of part ends
ts Part in the output buffer
te Cane moving the part from output buffer
t, Part to inspection facility
tg Machine repair begins
ty Machine repair ends
tio Raw/semi-finished part retrieval requests in
queue

ti Finished part retrieval requests join queue
tis Crane starts for rack to retrieve parts

ty3 Crane starts for delivery point after retrieval

tis Crane starts for dwell point after delivering parts
tis Crane reaches dwell point after retrieval

tie Semi-finished/finished part storage requests join

queue

ty7 Raw part storage requests join queue

tis Crane begins picking parts for storage

tyo Crane starts for racks to store parts

tyo Crane starts for dwell point after storing parts
t21 Crane reaches dwell point after storage

ty Transfer requests join queue

ths Crane begins picking parts for transfer

tos Crane begins transfer of parts

tos Crane starts for dwell point after transfer

toe Crane reaches dwell point after transfer
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Fig. 2. Layout of the system.

Table 2. Routeings and processing times of parts.

Request assigned.
Starting point.
Destination point.
Load/unload time.
On-board capacity.
Status (idle or moving).

0N R W

Data structures of the C language have been used to represent
the attributes of various entities of the system such as the
stacker crane, and machines. The SCPN model has been
validated with the results of a case study from a published
literature [5].

To model the system using SCPN, the following input data
need to be provided:

1. The number of part types and machines.

2. The routeing of parts with alternative machines and the
processing times of parts. '

3. The layout of the system.

4. The number of racks, number of rows and columns in
each, and the width and height of bins.

5. The horizontal and vertical speeds of the stacker crane.

For the present study, an example of an FMS, comprising 6
machines and producing 15 part types, is considered. A
storage rack with 15 rows and 15 columns is available for
storing raw, semi-finished, and finished parts. The horizontal
and vertical speeds of the crane are 90 m/min and 30 m/min,
respectively. The layout of the system is shown in Figure 2.
Routeings of parts and their processing times on machines
are given in Table 2. The processing times of parts are
normally distributed whereas the failure and repair times
of machines are represented by exponential and Erlang
distributions, respectively.

Part type Processing sequence Processing times (min.)
(on machines)

1 4 5/1 3 6 15 10/10 9 8

2 5/6 2 1/6 11/15 20 18/19

3 1 2 5 20 22 21

4 4 3 172 5/2 12 22 18/23 10720
5 1/6 2 5 4/6 17/13 9 8 7/10
6 1 5 3 6 19 14 21 20

# 5 1 2/5 16 8 17/20

8 2 5/4 6/3 13 7/13 19/17

9 6/3 2/6 4/1 18/20 20/7 8/11
10 1/4 5/ 6 3 10/15 16/17 10 14
11 3/4 5/3 6/5 1/6 9/19 12/13 23/21 10/13
12 5/6 1 3/5 4 12/12 8 15/22 16
13 1/2 6 5 17/13 7 8
14 1 6 5/3 2/4 17 12 17/7 13/13
15 1/4 2 4 6/5 10/11 16 9 11/18
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Table 3. Parameters, factors and their levels. Table 4. Adapted orthogonal array Los.
Parameters Expt no. Factors
a. Makespan 1 2 3 4 5

b. Unproductive travel time of crane

¢. Mean flow time 1 1 1 1 1 1
Factors and levels 2 1 2 2 2 2
1. Retrieval policies: 3 1 1 3 3 3
1. nearest occupied bin 4 1 2 4 4 4
2. randomly selected bin 5 1 1 5 5 5
3. first-in first-out 6 2 1 2 3 4
4. last-in first-out T 2 2 3 4 5
2. Storage policies: 8 2 1 4 5 1
1. nearest open bin 9 2 2 5 1 2
2. randomly selected bin 10 2 1 1 2 3
3. Crane operation modes: 11 3 1 3 5 2
1. single address mode 12 3 2 4 1 3
2. pursuit mode 13 3 1 5 2 4
3. cyclic mode 14 3 2 1 3 5
4. dual address (non-mandatory interleaving) 15 3 i 2 4 1
4. Job scheduling rules: 16 4 1 4 2 5
1. shortest imminent processing time (SIPT) 17 4 2 5 3 1
2. largest imminent processing time (LIPT) 18 4 1 1 4 2
3. largest remaining processing time (LRPT) 19 4 G 2 5 3
4. largest remaining processes (LRP) 20 4 1 3 1 4
5. shortest total processing time 21 1 1 5 4 3
(STPT) — dynamic 2 1 2 1 5 4
5. Number of pallets: 23 1 1 2 1 5
1. 3 24 1 2 3 2 1
2. 5 25 1 1 4 3 2
3. 7
4. 9
5. 11

Table 5. Results of simulation using SCPN. Required production volume of parts: 70, 50, 35, 45, 25, 60, 65, 40, 45, 30, 35, 40, 55, 25, 40.

Expt no. Makespan Unproductive travel time : Mean flow time
(min) (min) (min)
1 9165 8944 9213 3013 3046 3011 192 193 191
2 9553 9310 9808 1833 1927 1882 182 201 192
3 9219 9058 9219 1818 1809 1818 412 399 412
4 9754 9148 9754 1924 2020 1924 316 335 316
5 9448 8980 9448 1801 1771 1801 461 432 461
6 9754 9688 9919 1988 1957 2001 352 434 393
7 9076 9196 9142 1896 1896 1876 467 549 419
8 9097 8896 8970 1887 1918 1912 212 210 192
9 9144 9201 9325 1835 1875 1824 259 314 266
10 9880 9831 10224 3140 3044 3050 216 194 192
11 9175 8971 9190 1827 1815 1810 279 281 293
12 9235 9322 9426 1977 1902 1915 285 234 249
13 9841 9442 9162 1792 1818 1798 363 366 329
14 10078 9867 9634 3248 3337 3300 353 410 477
15 10254 9975 9984 1922 1932 1896 196 202 222
16 9633 9343 9775 1875 1835 1869 249 260 265
17 9979 9928 9756 1815 1781 1835 250 249 . 258
18 9601 9606 9736 3164 3170 3166 237 229 230
19 8695 8724 8809 1973 1935 2022 266 272 274
20 9442 9234 9040 1857 1819 1767 360 313 332
21 9250 9547 8971 1829 1792 1792 353 370 340
22 8757 8928 8932 3191 3086 3178 302 297 324
23 9232 9073 9148 2008 1794 2013 - 332 330 305
24 9984 9631 9709 1798 1798 1820 221 226 225
25 9910 10081 9991 1909 1887 1863 238 255 235
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