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1. Introduction.

Many Researchers and practitioners have
expressed the view that artificial intelligence(Al)
may have significant application to solution of
manufacturing problems. Expert systems have
been developed for solving problems of varying
complexities in several problem areas. There are
potential applications of Al and expert systems at
every stage of the manufacturing process.
Applications that have achieved some success
include  planning,  scheduling,  controlling,
maintenance and fault diagnosis[1] - [3]. Matsuo
[4] has developed a knowledge-based intelligent
crane scheduling system for controlling a stacker
crane in a computer-integrated manufacturing
environment. O'Grady[5] developed an intelligent
cell control system for automated manufacturing.
However, while there is an increasing literature on

Al-based manufacturing tools[31.[61-[13], the
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number of systems in daily use by manufacturing
engineers is still small.

To deliver a working Al-based scheduler into a
manufacturing environment requires attention to
system issues. Simulation, already one of the most
widely used methodologles in manufacturing
design and analysis[14]. [15], can be applied to
test the effectiveness and efficiency of Al-based
tools before they are introduced into existing
environments,

However, the models used to study large-scale
systems tend to be very complex, and writing
simulations to execute them can be an extremely
arduous task. This is especially true when system
behaviors needed to test Al-based tools, as well as
representations of the tools themselves, must be
included in the model. Thus, it is understandable
that current knowledge-based simulations of
manufacturing systems typically address only a
small part of the total system. Forexample, an
expert system for stacker-crane control in a

manufacturing environment[4] controls only a
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single crane moving among several workstations,
Another simulation model for dispatch rule
assessment([2] simply consists of two workstations
with a queue attached to each. O'Grady's(5]
application of the black board architecture for
hierarchical control at four levels factory, shop.
workcell and machine includes neither a
manufacturing model nor an actual
manufacturing system for testing and analysis of
the Al technology.

In previous work we have developed a
support
Modeling and simulation of manufacturing

knowledge-based  environment  to
systems for purpose of testing Al-based
production control tools[16], [17]. The objective
of this article is to demonstrate the utility of such
a simulation environment by illustrating its
application to the verification of usefulness of an
expert system for routing the batches of jobs, that
are splitted[18] for improved lead time, within the
context of multi-level hierarchical flexible
manufacturing system(FMS). For the batch job
splitting the technique of operation overlapping is
studied. The rules in the routing expert system
are written such that the advantages obtained by
job splitting can be maintained throughout the
entire roufing process in the hierarchical
manufacturing structure. The simulation is able to
identify the operating regime in which operation
overlapping succeeds in reducing manufacturing
lead time and work in process,

Before proceeding, we briefly review the
simulation environment concepts and features
needed to explicate the operation overlapping case

study.

2. Backgrounds.

Chol16], [17] presented and approach to
embedding expert systems within an object
oriented simulation environment. The basic idea
was to create classes of expert system models that
can be interfaced with other model classes. An
expert system shell was developed within Discrete
Event System Specification implemented in
Scheme language(DEVS-Scheme)[19], [20], a
knowledge-based design and simulation environ
-ment which combines artificial intelligence and
system modeling concepts. The new shell enables
interruptible and distributed expert systems to be
defined as components of simulation models, This
facilitates simulation modeling of knowledge-
based controls for flexible manufacturing and
many other autonomous intelligent systems.
Moreover, the structure of a system can be
specified using a recursive system entity structure
(SES)[19], [21] and unfolded to generate a
family of hierarchical structures using an
extension of SES pruning called recursive pruning.
This recursive generation of hierarchical structure
is especially appropriate for design of multilevel

flexible factories,

2.1 Expert System Shell for Simulation Environment.

The Distributed Expert System Environment
(DESE) is an environment in which expert
system models can have distributed control
(inference engine) and knowledge(rules and
facts). The DESE consist of object classes,
methods and other utility functions for creating
distributed expert systems(DES's). The DES's
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created under the DESE provide the well known
benefits of object oriented prograrming such as
the ease of reuse, modularity, and extendibility
[22] - [24].

The objects involved in the definitions of a
DES are instances of knowledge-base, inference-
engine, rules, and facts classes. An inference-
engine instance refers to an  assoclated
knowledge-base instance which has links to the
relevant rules and facts. In this way, the
inferencing methods of the class inference-engines
or its subclasses are generic(ie., can be used for
rules and facts stemming from a variety of
classes). The DES is formed from instances of not
only inference-engines class and knowledge-bases
class but also subclasses of these classes
depending on the problem domain. In this case the
DES's are truly distributed in both control and
knowledge. The DESE also provides a class for
facts instances, in which the facts are created
based on fuzzy logic. For more information refer
to [161].

2.2 Interfacing DESE and DEVS-Scheme.

KNOWLEDGE-BASES ATOMIC-MODELS

~ Inference-engine ~ind-vars(sigma phase)

~oblsct-class ~int-trasfn
~tule—class ~ext-transfn
~outputin
+interface ~time-advancefn
*new-objects *make—copy

+*make—new—expert

ATOMIC-EXPERT-MODELS —~Ind-cars(expert-core)

*make-copy

~: instance-variables
* ! method

{Figure 1) Interface of DES to DEVS—Scheme

The interface of DESE to DEVS-Scheme is
accomplished by creating classes called atomic
-expert-models. This class(multiply) inherits
methods and variables from knowledge-bases and
atomic-models, an existing, fundamental class of
DEVS-Scheme(Figure 1). Thus, as illustrated in
(Figure 2), an instance of class atomic-expert
-models has both a DES component (called as
expert-core) and an atomic-model component
(called as DEVS component). Such models can
be duplicated by invoking the make-copy method
which produces isomorphic copies(25].

The merger of DESE and DEVS-Scheme via
inheritance extends the latter's facilities for
modular

construction to include design and testing of

hierarchical, discrete-event  model
distributed expert system components. Since
expert system components are treated no
differently than other DEVS models, once the
system entity and model bases have been
constructed, it is relatively easy to generate

alternative model architectures.

in X SandY out

ext-transfn
int-transfn
outputfn
time~advancefn

|—INFE?EI\(EB\G—|

rules
facts

{Figure 2) Composition of atomic—expert—model
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3. Intelligent Hierarchical FMS Modeling
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(Figure 3) Basic fractal unit architecture

Cho [16], [17] presented a design technique for
generating recursive system entity structures, It is
applied to represent the fractal architecture for
flexible manufacturing introduced by Tirpak et. al
[26]. Recall that the system entity structure
(SES) directs the synthesis of models from
components in a model base [19], [21].The SES
is a knowledge representation scheme that
combines the decomposition, taxonomy, and
coupling relationships. An operation called
recursive pruning was developed for generation
hierarchical model structures with properties
similar to fractals.

Tirpak et. al [26] argue that, cast in recursive
form, a model of an FMS admits of a natural
hierarchical decomposition of highly decoupled
units with similar  structure and control.
Theobjective of such structuring is to manage the
structural complexity and coordination of an FMS
hierarchical by maximizing local functionality and

minimizing global control. Moreover, the recurring

components can be designed within the
object-oriented paradigm so as to maximize reuse
across levels. Thus the FMS fractal architecture
model represents a hierarchical structure built
from elements of a single basic design called a
basic fractal unit(BFU). The design of the BFU
incorporates a set of pertinent attributes that can
fully represent any level in the hierarchy.
(Figure 3) depicts a BFU specifically designed
to embody the elements which fully describe the
structure of any level in the model hierarchy.
Included within a BFU is a set of lower layer
BFU's whose internal detail is hidden. The routing
controller (transporter router) sees these units as
stations to which transfer batches should be
delivered, It is the responsibility of transporter
routers within the lower layer BFUs to

subsequently route the received batches.

{Figure 4) Fractal architecture pruned to have five BFU
3.1 Fractal Architecture Modeling

(Figure 4) {llustrates a three level fractal
architecture. The top of the hierarchy is a factory.
The factory is composed of two hop floors. The

first shop floor(shopfloor 1) in turn has two
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workstations, workstationl and workstation?,
Whereas, the second shop floor has two machines
without having any workstation, Workstationl
has two machines and workstation2 has just one

machine,

3.2 Simulation Scenario

The simulation starts with the generator
sending a transfer batch job to the buf@fac model
which consists of job-id, job-type, batch-size and
sequence schedule. The sequence schedule
contains operations of the job to be performed in
sequence, eg., (abcde), (abcd and so on,
here a, b, ¢, d ande represent different types of
operations. The in-buf@fac (in-b model of
buf@fac) converts the sequence schedule of
operations to sequence schedule composed of
machine lists based on an operation-type
-to-machine table, eg., a is converted to
mal@ws0, b to mal@sw0, ¢ to mald@wsl, d to
mal@sfl, and e to mal@sfl (Figure 5 is the
pruned entity structure that generates the actual
simulation model and shows where these

machines belong).

bleg fac
div@fac roster@fac lo@fac tramps  bfus
ranspog fac |
bragsn bru@sn
dv@ O rester@st0 fo@si0 transps AVEHT router@ sl lb@sil tramsps  bins
tramipadie 3o transps 0 @il tramspal@af
. ma0@in marGen
bfae wsd brug@wet
-- . - '
e wst romterkwid lo@wil trameps | AV@wil roater@wsl lo@wsl transps bfas
traampoEw transpt@wal

nawEwa

(Figure 5) Pruned system entity structure of bfu

The divider then divides(forks) this transfer

batch. The next section will study the
performance of a divider working in accordance
with division formula given by operation
overlapping(1). These divided batches, or splitted
batches, are routed to the next machine by router
according to the schedule. The router routes the
transporters in each BFU based on several
dynamic factors. The divided batches are
gathered (joined) later on at the same io model
(out-b within i0) where they were divided
(forked). When all the machines in the schedule
are traversed the batch job leaves the bfu@fac
model (factory level bfu) and is sent to the
transducer for recording statistic on the bfu@fac’s
performance (throughput, flow time, work in
process (WIP) and average inter-arrival time).
The size of a transfer batch is determined by a
uniform distribution function. Its maximum and
minimum batch sizes generated at generator is
500 and 100, respectively. The sequence schedule
of job types are picked randomly with equal
probability among the following schedules: (a b ¢
de), (abde), (acde) (bde) and (ace).
Table 1 contains the processing times given to
machines according to job types. The processing
time per unit ranges from 2 to 15 and the setup
time is ten times the processing time per unit.
The remaining processing times are as follows (all

values are in arbitrary time units):

- transporters: 100 (fac level),
80 (shop floor level),
30 (work station level)
- router : 1

- divider: 0
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3.3 Transporter Router

The transporter router is an expert system
model which controls fouting of transporters in
each BFU. It routes transporters among the lower
layer BFU's, output buffer and input buffer.
There are a total of five such DES models (one
for each BFU) whose inferencing is based on their
own sets of facts, responding to the different
dynamic  conditions encountered at each
level(Figure 4).

The routing decision is made based on, for
example, whether the sub-batch being routed is
the first sub-batch or the second sub-batch. If it
is the second sub-batch it should have higher
priority than the first to get the advantages from
the operation overlapping batch job division
algorithm as explained in Section ?. There are
other factors that affect the routing decision. The
overall routing logic and the rule descriptions are
shown in the Appendix. The DESE classes used
to specify the router expert system are depicted in
(Figure 6).

ATOMIC-EXPERT-MODELS KNOWLEDGE-BASES INFERENCE-ENGINES
instance instance instance
router router—e

~inference-enging

~knowledge—bases

~expert-core rx??_cél;dssasses forward—chain
ROUTER-RULES ROUTER-RULES
[ I | I
l router-r0 I l router—r1 ] see l router-goal I I continuevlst‘l e I router-info I

capital letter : SCOOPS classes
[ :instance of class
——— indicates the links provided by instance e
variable  ~ : instance variabie
+ : method

(Figure 6) Classes in the construction of expert router

{Table 1> Processing and setup times of machines
according to job types

Machine name Job type | Setup time Processing Time per unit

mal@ws() jobl 0 3
! job2 i) 5
job3 60 6

! jobd ) 5

! jobs il 2
mal @wsl) jobl 3 3
! job2 100 10

! jobd 100 10
jobd 50 5

! jobd 4 4
mal@ws] jobl 0 3
! job2 ) 5

! job3 60 6

! jobd A0 5

! jobd 20 2
mal@si jobl 5 5
! job2 100 10

! job3 100 10

! jobd 100 10

! jobd 8 3
mal @sf! jobl 50 5
! job2 150 15
job3 100 10

! jobd 100 10

N jobd | 5

(Alt numbers are in the time units)

4. Example: Operation Overlapping

A simple task called operation overlapping will
be studied within the fractal architecture
framework, Operation overlapping is implemented
by the batch job divider model in (Figure 3). The
batch job divider divides a transfer batch into two
sub-batches. The size of these two sub-batches
are determined according to operation overlapping.
The transporter router(expert system model)
routes these divided sub-batches according to the
routing logic contained in the rules of router
model. The rules in the expert system are written
considering the hierarchical nature of fractal
architecture and the nature of sub-batches. For

example the sub-batches from a batch should be
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routed consecutively to reduce setup time and this
fact should be maintained in routing down the
hierarchy as well ad within the same hierarchy.
Operation overlapping is a part of production
activity control(PAC). The function of PAC is to
have activities performed as planned[27]. The
physical layout of a job shop usually groups
equipment(e. g. manufacturing cell, workeell,
workstation) used in performing similar functions
in the same area. Typically, there are many
different orders being processed in the plant at the
same time and relatively few have the same
routing. Scheduling of a shop floor, the first phase
of PAC, involves allocating jobs to work centers
for meeting due dates, maximizing machine
utilization, minimizing setup times, minimizing lead

times or any combination of these [13], [271, [28].

Lead Time Without Overlapping _’l "— transit

* Operation a I * Operation b I
Lead Time Without Overtapping
* Q Q,
Operation a - Ty, - Ty
* Q Q
Operation & Lead Time
Savings
* : setup time

Q=total lotsize=Q, +Q,
T, = transit time between Operation aand b

(Figure 7) Operation overlapping

overlapping,  schematically re
(Figure 7),

performed on the batches being transferred

Operation
-presented in is a technique
according to the given plans, It is used to reduce

the lead time by dividing the lot into two or more

batches and linking at least two successive

operations directly(one is performed immediately

after the other). Operation overlapping is a

common practice in manufacturing lead time by

the reduction of the individual operation
throughput times. Usually the major savings from
overlapping come from reducing the time a lot
waits in a queue between operations often several
times greater than total processing time. Also
associated with manufacturing lead time reduction
is the reduction in work in process(WIP) and the
increased ability to meet product due dates, The
disadvantages are the added cost of increased
control required by doubling the number of

batches and material movements, Melnyk [18]

briefly explains operation overlapping and Fogarty

et. al. [27] offer a rather detailed exposition with
some examples,

Consider two serial operations, A and B. Then
operation overlapping consists of the following:
1) A lot of parts if divided into at least two

batches(transfer batches).

2) As soon as the first batch completes Operation
A, it is moved to Operation B for immediate
processing.

3) While Operation A is being performed on the
second batch, Operation B is being performed
on the first batch,

4) When Operation A has been completed on the
second batch, it is moved immediately to
Operation B.

If Operation B requires substantially less time
per piece than Operation A, the first batch should
be sufficiently large to avoid idle time at

Operation B. Calculation of this minimum batch
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size is shown as Q1 in (Figure 7) [27].

Ql >= (QPa Sb) / (Pb + Pa) (1
where

Q  Total lot size = Q1 + Q2

Q1  Minimum size of first batch,

Q2 Maximum size of second batch,

Sb Setup time of Operation B.

Pa Processing time per unit, Operation A.

Pb  Processing time per unit Operation B.

5. Result of Simulation

Two different simulations were performed: one
with dividing the transfer batches according to
operation overlapping and the other without

division.

{Table 2> Average and 90% confidence intervals on flow times.

mean mterarrival Gme w/ overlapping w/o overlapping

{exponential distribution) | avg. [oonf. intervall avg. [cont. intervall
1000 21906 (14890, 28912 21477 {15902, 27083)
200 11467 {325, 17728] 1528 (7093, 17962
300 7316 [297, 11656 9115 [52, 12967}
4000 35 (3%, %] 448 (5642, 3]
2000 4850 4140, 508) 6790 [672, 6877)

The exponential distribution function was used
for the job interarrival process[14]. To observe
how performance is affected by the frequency of
job arrivals we ran five mean interarrival times:
1000, 2000, 3000, 4000, and 5000. Figure 8
compares the observed lead time with, and
without, operation overlapping. The 90%

confidence intervals are shown in {table 2).

Flow time

- + +
N + +
. . +
. . ‘
\ :
. +

+ <

8.00
6.00 —~— ]
4.00

1.00 2.00 3.00 4.00 5.00
Mean (exponential interarrival time)
=== W/0 Operation overlapping '

— w/ operation overlapping

{Figure 8) Comparison of flow times

(Figure 9) shows the saving in flow time when
operation overlapping is applied. The graph shows
about 30% of saving in flow time when
interarrival time is large. The flow time with
operation overlapping becomes closer to the lead
time without it, as interarrival frequency
increases, The major reason for this convergence
is that utilization of machines increases as arrival
frequency increases, thus the advantage of
increased utilization disappears, ie., the operation
overlapping is better conditional on the arrival
rate. The WIP and production rate comparisons

are shown in (Figure 10 and 11), respectively.

Flow time
save [%]
30.00

25.00
20.00
15.00
10.00

5.00

0.00 S . . .
5.001.00 200 3.00 4.00 500

Mean(Exponertial interarrival time’

{Figure 9) Saving in flow time



16 F=EAM2BEX H11H M1z (2004, 1)

WIP
30.00
25.00
20.00
15.00
10.00

5.00
0.00

1.00 2.00 3.00 4.00 5.00
Mean (exponential mterarrival time)

=——— w/0 operation overlapping
~—— woperation overlapping

(Figure 10) Comparison of WIP.

(Figure 12) shows the statistics relating to when
particular rule has been fired. Y-axis of the figure
is the percentage of fired rulesand x-axis is the rule
number. There are five different percentage values
for each rule which represents the simulation
results of five different interarrival times. The five
different interarrival times are shown in the small
box right side of (Figure 12). The important rules
to be observed are rule number 5 and 7. The
percentage of firing of rule 5 and rule 7 increas as

the interarrival time decreases.

Productio

nrate
6.00
5.50
5.00
4.50
4.00
3.50
3.00
2.50
2.00

1.00 200 300 4.00 500
Mean (exporential interarrival time)

= w/0 operation overlapping

—-—w operation overlapping

(Figure 11) Comparison of production rate.

These resuits are the major reasons for the
reduction of the advantage of operation over
-lapping. He increase in number of firing of rule
5 and rule 7 tells that more first sub-batches have
to wait until the destination receives the complete
batch, ie., the first sub-batch and the second
sub-batch. He statistics on other rules follow the

simulation results shown in (Figure 8-11).

Rukl  Rule2 Rek3  Rued RueS Rue6 Rue7  Rue8  Rokc9 Rule 10

{Figure 12) % of fired rules with operation overlapping applie

6. Conclusion

The immediate advantage of applying operation
overlapping with proper routing logic for the
splitted batches is the reduction of flow times
which in turn reduces WIP. For the fractal
architecture, a second advantage is apparent:
smaller transportation devices can be used. Since
the sizes of transfer batches are reduced as one
descends the hierarchy from factory to shop floor,
work station and machine, smaller capacity
transporters can be employed at lower levels.
Without job splitting with operation overlapping
the size of the batches remains unchanged as the
batches are processed, This means that the
transporters at the lower level must be as large as
the ones at the factory level. The disadvantage is,
however, the need for added control of dividing
(fork) and combining(join) the batches at each
BFU.

The case study reported here demonstrates the
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use of simulation in verifying the usefulness
ofproposed expert system controls for factory
activity., Without proper methodology for
constructing multiple expert system models as
shown in this paper the activity of writing
simulation models is not only very difficult and
much more time consuming but also the
reusability and testability of the model decreases.
It also illustrates how simulation investigation can
delineate the region in which a proposed
technique can yield the anticipated improvement
in performance for certain arrival rates of input
batches. It is a straightforward next step to
incorporate this knowledge into the rules of the
expert system itself, to determine the beneficial
envelope as a function of the prevailing conditions

of the factory.
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