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INformation Systems for Integrated
Manufacturing (INSIM): a design methodology

G. HARHALAKIS, C. P. LIN, L. MARK and P. R. MURO-MEDRANO

Abstract. Full control and management of information flow in
manufacturing has not yet been achieved, mainly because of the
data inconsistencies and lack of established funcrional relation-
ships among different manufacturing application systems.
Research toward CIM has been concentrating on the computer-
ization of individual functions, such as computer-aided design
and shop floor control, and the integration of data relations,
such as global database frameworks and distributed database
management systems. A mechanism with the potential to
control the information flow among all of the manufacturing
application systems, in order to streamline factory activities
based on company-speciic and company-wide policies and
procedures is proposed here. The goal is to achieve a
fully-integrated manufaciuring management system. The
INformation Sysiems for Integrated Manufacturing (INSIM)
reflects a design methodology to build a knowledge base 10 serve
as the control mechanism. This design methodology features
an enhanced graphic modelling tool—Updated Petri Nets
{UPN)—which is capable of modelling database updates and
retrievals, under specific constraints and conditions, and uses a
hierarchical modelling approach. Finally, a prototype rule-
based system, using the INSIM methodology, is being
implemented. It assimilates the functionality and ascertains the
control of informartion flow berween computer aided design,
process planning, manufacturing resouree planning, and shop
foor control.

1. Introduction
1.1. Background

Due to the substandal improvements in computer
technologies and increasing competition in manufac-
turing industry, more computerized manufacturing
applications have been developed to automate various
manufacturing functions in many existing factories, and
to design new factories. Current research and computer
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software developed in the area of manufacturing automa-
tion has been quite intensive in dealing with product and
process design, production planning, and job execution.
However, the design of such systems was made in a func-
tional fashion that emphasized ‘local’ solurions, using
closed and self-contained architectures. This, together
with the use of heterogeneous darabases and incompar-
ible computer operating systems, has led to ‘islands of
automation’ (Fig. 1) which suffer from data inconsist-
encies and lack of control of functional interactions
between manufacturing application systems. Current
and future trends for the use of computers in manu-
facturing include the control and the integration of
information flow of a production operation into a
computer-controlled factory management system.
Various research projects in the area of computer-
integrated manufacturing (CIM) have been conducted
by NIST (Jones and McLean 1986, Davis and Jones
1988), ESPRIT (Bonnevie and Krzesinski 1987, Meyer
1987), CAM-i (Chryssolouris 1987), and AT&T (Franks
ef al. 1987). Many research projects emphasize indi-
vidual aspects of CIM, such as RPI (Hsu ef al. 1987) on
developing a global database framework, TRW (Sepehri
1987} on svnchronizing the interface between application
systems and distributed databases, and the University of
Illinois {Lu 1986) on developing a framework to perform
common manufacturing tasks such as monitoring,
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Figure 1. Islands of automation.
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diagnostics, control, simulation, and scheduling. Their
approach is to develop a generic CIM architecture, to
create a global database framework, or to interface shop
floor activities. However, our approach is to develop a
control mechanism for managing the information flow
among all the manufacturing application systems, and to
fill the gap between the high level production manage-
ment and the low level factory automation.

The main characteristics of the manufacturing
environment dealt with here are described below:

Islands of automation: Different computer-based
manufacturing application systems have been
developed and used independently, without com-
municating with each other. The information flow
berween them is carried out through unreliable
paper work, and it is controlled by various company
departments without a unified set of procedural
rules (Anderson et al. 1984). Thus, the need for the
development of a company-wide policy for the man-
agement and control of automated information flow
among existing application systems.

Emergence of new applications: New computer
based manufacturing application systems are being
introduced and these will also need to be integrated
into the existing framework (Appleton 1984). Thus,
the need for modulariry.

Distributed systems: DMost factories are already
using distributed computer systems, with multiple
databases, that serve specific applications in the fac-
tory. This has become the current trend in com-
puter technology ( Jablonski ¢ of. 1988). Thus, the
need for communications.

Integrity and security: Data integrity and security
in individual databases have become major issues of
concern in information integration (Date 1986).
Thus, the need for controlled asscessibility.

1.2, Objectives

The primary objective of our research is to develop a
methodology of acquiring domain knowledge (company
policy), to verify and implement it as a knowledge-based
system, in order to automate and control the information
flow among all those computer-based manufacturing
application systems. Our research is unique in that it
addresses the control and the management aspect of
information flow, while other research projects aim at
developing a consistent database framework or a stan-
dard communication protocol for data transformation.
Our control mechanism over existing distributed data-
base management systems can achieve a fully-integrated
manufacturing information system. Qur view of the

control in an information system includes:

Data ownership: Each application system has
authority to create, update, and delete specific data
entities, in reflection of specific company policies
and procedures.

Precedence constraints: The pre-conditions for and
sequences among activities within all the applica-
tion systems involved are also defined according to
specific company policies and procedures.

Our research, aiming at linking product and process
design, manufacturing operations, and production man-
agement, focuses on the control of informarion flow
berween each of the key manufacturing applications at
the factory level, including computer-aided design
(CAD), computer-aided process planning (CAPP),
manufacruring resource planning (MRF II), and shop
floor control (SFC) systems. This linkage between manu-
facturing application systems is based on data
commeonalities and the dynamic control of funcrional
relationships between them (see Fig. 2). The common
dara entities, which form the basis of the integrated
system, can be classified in two categories: static and
dynamic. The former define the various entities of
the distributed system such as parts, products and
processes, while the latter deal with the functioning of the
system as it operates to sacisfy the market demand, More
specifically:

1. Stanc dara:
* product data: part master data, part revision
records, and bills of material;
® respurce dara: work centres and labour
resources;
* process data: routeings or process plans.
2. Dynamic data:
* planning data: purchase orders and manufac-
turing orders.

The functional relationships thar control the sequences

Work Centers

Figure 2. Data commonalities between CAD, CAPP, MRP II,
and SFC.
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of functions within and among those manufacturing
application systems, and the database updates and
retrievals, are purely domain-dependent, and can be
very different from one company to another, depending
on specific company policies. The methodeology, how-
ever, for knowledge acquisition, modelling, validation,
and implementation is totally generic.

The three major research issues to be addressed are:

Design of the CIM architecture: The CIM archi-
tecture is concerned with defining the functionalities
of each manufacturing application system and the
relationships between them.

Development of a methodology for the design of the
KBS: The design and maintenance of a
knowledge-based system (KBS) to control the func-
tional relationships and information flow within the
elements of the integrated system is the major task
of this research. Based on a graphical modelling
tool, Petri MNets, a hierarchical graphic represen-
tation of the KBS verifies its properties, and vali-
dates  the

company policy prior to the
implementation phase.
Implementation: A procedure to automatically

translate the KBS representation by Petri Net
models into a rule specification language has been
developed, and a prototype test system is in place.

The next section presents our INformarion System for
Integrated Manufacturing (INSIM), its specifications
and architecture. The third section details the design
methodology and the implementation strategy of the
knowledge base, and provides examples of the interfaces
built between CADfCAFPP{MRF IIJSFC. The final
section presents our conclusions, with recommendarions
for future research directions.

2. Rule-based specifications of INSIM
2.1, Overvrew

The integrated system is intended for a discrete-parts,
make-to-stock environment, where CAD, CAPP, MRP
II, and SFC systerns are best utilized. As described pre-
viously, the design of the model is based on the infor-
mation flow established between the four functional
areas. The common entities involved in this integrated
model are part master data (including part revisions),
bills of materials, work centres, process plans, and manu-
facturing orders, as shown in Fig. 2.

The model does not attempt to provide a *bridge box’,
allowing users to hook up any existing commercial CAD,
CAPP, and MRP II, and SFC system. The goal is to

demonstrate the viability of achieving the integration and
control of information flow, using generic operations on
generic entities. In order to remain as general as poss-
ible, this model does not emulate any particular CAD,
CAPP, MRP II, and SFC package. It relies only on the
basic functions available to most such commercial
systemns. In an acrual implementation, the aystemn would
act as a controller between existing CAD, CAPF, MRP
II, and SFC packages, while urilizing their respective
capabilities. It must be understood that an appropriate
maode] has to be developed, when attempting to control
and integrate specific CAD, CAPP, MRP II, and SFC
software, depending upon their specific features and
characteristics, under a specific company policy. There-
fore, the value of our work lies mostly in developing a
methodology for designing a CIM information system,
rather than the system itself.

2.2. Role of each application system

To maintain the generality of the model, only the most
basic dara carried by CAD, CAPP, MRP II, and SFC
have been incorporated. If necessary, the model can be
easily extended. to reflect additional data and functions
specific to parricular commercial packages.

Specifying precisely the roles of the respecrive areas,
i.e., CAD, CAPP, MRP II, and SFC, is of urmost
importance when designing the model. CAD, being the
centre of design activity, is the primary controller of
product design information. The evaluation of design
alternatives, the creation of new product parts, and the
modification of existing parrs is performed within CAD,
often using inputs from other departments. Marketing
and manufacturing are two major contributors to infor-
mation regarding product designs. In addition, CAD
initiates the bills of material for all product assemblies.
An important problem commonly encountered is that, as
a function, manufacruring succeeds design. Therefore
any manufacturing problems occurring due to part
design specification, are relaved to CAD only after
designs have been finalized. It is therefore necessary for
CAPP, the originator of process plans in the system, to
work in concert with CAD, as the design of a part is on-
going. This approach, known as concurrent engineering,
reduces the product development cycle and enhances
competitiveness.

CAPP is solely responsible for developing manufac-
turing process plans. It organizes the manufacturing
activities to be performed on a part into specific oper-
ations, each being assigned to a particular work centre,
and each requiring tools, jigs, fixtures, and set-up and
run times. CAPP, on the other hand, can inidate its own
parts and bills of materials as they relate to necessary
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tools, jigs, and fixtures for production purposes. In
addition, most CAPP systems maintain detailed work
centre files, the information being used while preparing
process plans.

MRP II plays a co-ordinating and monitoring role. It
plans for and monitors the actual procurement of raw
materials and manufacture of parts, respectively. It can
also initiate non-product parts, such as tools and supply
iterns, in the system. In addition, it records process plans
as generated by CAPP, and also product structures of
assembly parts, to provide them later to the SFC module.
Work centre data are maintained here, with MRP II
having sole discretion as to their initiation, maintenance,
and deletion in the system.

While the definitions and functionalities of CAD,
CAPP, MRP II systems are quite clear and widely
accepted, the functions and inputs/outputs of a shop floor
control system in a CIM environment are not yet well
defined. Shop floor control is basically a system which
directly controls the transformation of planned manufac-
turing orders into a set of jobs, for the transformartion of
raw materials into products. The basic activities of a shop
floor control medule can be summarized as follows:

* capacity planning and resource allocation based on
inputs from MREP II;

* short-term capacity adjusting by using alternative
routeings, planning and altering
priorities;

* feedback for reporting machine performance and
status, job completion stage, and actual labour and
material usage.

overtme,

Qur definition of a generie shop floor control system
and identification of the inputfoutput requircments, have
been influenced by a study of shop floor control systems
from three major research projects: NIST ( Jones and
McLean 1986), ESPRIT (Bonnevie and Krzesinski
1987), MADEMA (Chryssolouris 1987). The Produc-
tivity Improvement Systems for Manufacruring
(PRISM) (Franks et al. 1987) developed in AT&T Bell
Laboratories has been our primary guideline.

SFC is designed to communicate with an MRP II
system and to perform job scheduling and monitoring
using detail routeing information from CAPP. Once a
market demand arrives, MRP II will generate planned
purchasing and manufacturing orders. In doing this,
lead times from part master records and existing inven-
tories are taken into account. SFC will then schedule the
manufacturing jobs, based on the current load and the
detail routeing information from CAPP. It will then dis-
patch these job orders down to the shop floor. During
production, SFC will constantly monitor the job status,
work centre status, actual material, and labour consump-
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Figure 3. Owerall CIM information flow architecture.

tion, and report them back to the MEP Il for costing and
updating purposes. Finally SFC is supposed to react to
and provide real time solutions in the event of dis-
turbances, such as machine breakdowns, critical labour
absenteeism, and material shortages. Issues that cannot
be resolved at the SFC level must be communicated to
MEBP II for further action (Nagi 1988).

2.3, Overall CIM information flow architecture

Our CIM architecture concentrates on the integration
of manufacturing applications at the factory level, refer-
ring to the facility level of the NIST hierarchical architec-
ture, as depicted in Fig. 3. CAD, CAPP, MRP II, and
SFC can be integrated together through a general distrib-
uted database management system (DDBMS). The KBS
drves the DDBMS to control the informartion flow, fol-
lowing procedural rules constraints and other procedures
derived from the company policy. In order to build a
protorype of the CAD/CAPP/MRP IIfSFC integrated
system, we have defined data structures of the common
data entities involved in the various manufacturing appli-
cations of our integrated system and their relations,
which are stored in the DDBMS. Therefore, it can be
said that the management and control of information
flow is performed by the KBS, while the integration
aspect is addressed by the DDBMS.

3. Knowledge base design methodology

As mentioned above, the design and mainrenance of a
KBS to control the functional relationships and infor-
mation flow within the integrated system is a major task
of thiz research. Our design methodology for it is
depicted in Fig. 4. It starts from wuser-defined rule
specifications, reflecting a specific company policy, which
is then modelled using a special set of Coloured Petri
Nets—UPN (Updated Petri Nets) and a hierarchical
modelling methodology, discussed respectively in sec-
tions 3.2.1 and 3.2.2. The next step is to convert UPN
model into General Petri Nets (GPN) for validation pur-
poses, and feed the results back to the user to resolve (1)
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Modeling, Analysis, and Feed Back

"Company Policy”
Knawledge
Knowledge : e
Acquisition 1 H=UPN's 2 bt UPN 5 Based

INFUT RESEARCH TASKS

OUTPUT
0. Expression of company policy for the integration of
specific application sysiems (CAD/CAPP/MRP IVSFC)

1. Modeling of the knowledge base using a formal
language, Updated Petri Nets (UPN), a sub set of
Colored Petri Nets.

2. Synthesis Rules to combine modeled scenarios of the
company policy into an integrated system.

3. Transform the UPN into Generalized Petri Nets (GPN)
for Knowledge Base Verification.

4. Analysis, discovery of inconsistencies and
incompletencss, and feedback,

5. Translation from UPN w the Knowledge Based System.

Figure 4. Knowledge base design methodology.

conflicting company rules; (ii) errors introduced during
the modelling phase. After the model has been validated,
a parser translates the UPN model into a rule specifica-
tion language. The end result is a software package that
controls the data flow and accessibility berween several
data bases. In shorr, the input is a set of company rules
and the output is an Al production system for controlling
operations, accessibility and updates of dara within the
manufacturing applications involved. A review of the
major design phases of the system is presented below.

3.1. Knowledge acquisition (company policy)

The design of the model is based on the information
flow established between all the manufacturing appli-
carions, namely CADfCAPP{MRP II{SFC. The expert
rules embedded in the knowledge base are extracted from
company expertise, policies and procedures, which can
be obtained through a number of individual interviews
and group meetings with experts from all manufacturing
application systems to be integrated, and managers
responsible for making company policy. Therefore, sub-
stantial effort may be required for gathering all expert
rules to form the knowledge base. However, since we are
here to develop and demonstrate our design method-
ology, our protorype will only include limited rules
extracted from our own industrial experience and other
industries involved with this and other projects in the
CIM Laboratory.

3.1.1. Seenarios of the proposed CIM system: The develop-
ment of a KBS usually starts from designing a set of
abstract rules for all specific entitles within the system. A
set of scenarios under each entity which represent these
abstract rules is listed below,

Part data:

adding new product parts in CAD;

adding new product part revisions in CAD;
adding new non-product parts in CAFP;

adding new non-product part revisions in CAPP:
adding new non-product parts in MRP II;
adding new non-product revisions in MRP IT;
making parts obsolete;

deleting parts.

Produet structures (bills of material):

* adding component relationships in CAD (for pro-
ducts);

* adding component relationships in CAPP (for tools,

jigs, fixrures, etc.);

deleting component relationships;

subsrituting components in relationships;

changing the required quantity of a component;

copying relationships from one assembly to another.

Work centres:

* establishing new work centres in MREP II;
* modifying work centre in MRP II, CAPP, and
SFC;

1

* deleting work centres in MRP II.
Process plans:

* establishing new process plans in CAFPP;
* modifying process plans in CAPP;
* deleting process plans in CAPP.

Manufacturing orders:

adding orders in MRP II;

modifving orders in MRP II;

modifying order BOM[routeing in SFC;

updating job status in SFC (including actual
material issued and time taken);

* deleting orders from MREP IL.

& & & @

3.1.2. Status codes: The flow of information within the
system is controlled using a set of status codes assigned
to each set of entity data within each funcrional area. The
status codes arc designed to provide for triggering the
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right action, while controlling the sequence of various
part and process design and manufacturing-related
activities. The following are the status codes used in the
system.

Working: The ‘working’ status is given to CAD part
data related to designs that have not yet been
finalized. In a similar fashion it is given to process
plans in CAPP, work centres in CAPP, and shop
orders in SFC. In the case of work centres it is
intended to signify that some work centre data is till
missing in CAPP.

Released: The ‘released’ status is indicative of an
entity becoming active in the system. It is applied to
CAD and MRP II part revision data; CAPP, SFC,
and MRP II work centre data: CAPP and MRP II
process plan data; SFC and MRP II order data.

Hold: The ‘hold’ status is given normally to an
entity, when it is being reviewed for possible
revision or replacement, and the entity should not
be used while on hold. For example, it can be given
to a work centre in the case of an extended break-
down. It is used for CAD and MRP II part revision
data; CAPP, SFC, and MRP Il work centre data;
CAPP and MRP II process plan data; SFC and
MRP II order data.

Obsolete: Dara related to entities that are no longer
considered active, are given the ‘obsolete’ starus.
This code is used by CAD part revisions and CAPP
routeings. However, MRP Il and SFC handle
obsolescence with the use of effectivity start and
effectivity end dates. Therefore they do not require
this status code.

3.2, Modelling of the knowledge base

Although General Petri Nets initially adopted in this
research can in principle handle the modelling of the
knowledge base, it has become necessary to define more
complex semantics in order to handle the increasing com-
plexity of the knowledge base, due to the involvement of
more applications and their entities. Hence we have
started developing Updated Petri Nets (UPN), and a
hierarchical modelling methodology with a systematic
approach for the synthesis of separate nets with common
places. Some of this work was inspired by Jeng and
DiCesare (1990). g

3.2.1. Evolution of Updated Fetri Nets: Petwri Nets were
originally developed by Carl Adam Petri in his doctoral
thesis, 1962, ar the University of Darmstadt, (then) West
Germany. There have been many reports and papers
published on Petri Nets with a wide variety of appli-

cations due to their modelling power. Petri Nets can be
applied to most systems in representing graphically not
only sequential but also concurrent activities. Because of
their mathematical representation, they can be formu-
lated into state equations, algebraic equations, and other
mathematical models. Therefore, Perri Nets can be
analysed mathemarically for the verification of system
models and are ideal for modelling dynamically and for-
mally analysing complex dynamic relationships of inter-
acting systems. Readers may refer to Peterson (1981) and
Reisig (1985) for the fundamentals of Petri Nets theory.
A survey of literature where various types of Petri Nets
are used in modelling various systems in general and
manufacturing systerns in particular, has been con-
ducted. Worth mentioning are artificial intelligence in
network systems (Courvoisier e al. 1983), flexible
manufacturing systems (Crockett and Desrochers
1986), scheduling and sequencing (Ravichandran
and Chakravarty 1987, Merabet 1987, Dridi « al.
1985), and information integrarion for manufacturing
applications (Harhalakis e« al. 1988, 1990, 1991).

To facilitate the modelling of complex systems, a
special type of the high level Petri Nets called Coloured
Petri Nets (CPN) have evolved. A Coloured Petri Net
{ Jensen 1981) is'a generalization of a Petri Net in which
information 1s aggregated in tokens, places, and arcs.
Tokens are distinguishable and are assigned different
‘colours’, and arcs are labelled with associated functions.
In addition, the use of CPN allows the model designer to
work at different levels of abstraction. Once we have this
net we can selectively focus the analysis effort on a par-
ticular level within the hierarchy of a large model. We
use CPN in modelling not only the rule base, bur also the
darabase changes which ensure consistency in rep-
resenting the darabase starus in the CIM system. An
enhanced version of CPN, named Updated Petri Nets
(UPN), has been developed and used in modelling the
CADfCAPP/MRP II/SFC integrated system (Harhalakis
e al. 1991).

We have extended the primitives of the classical CPN
descriptions in order to reflect more closely the termin-
ology and semantics involved in our application domain.
These primitives do not contribute with new concepts to
Perri Net theory (in the sense that they do not increase
its analyrical capabilities) bur allow for a procedure to
automate and formalize the interpretation process of the
model to a rule based system.

An UPN is a directed graph with three types of nodes:
places which represent facts or predicates, primitive tran-
sitions which represent rules or implications, compound
transitions which represent meta-rules (sub-nets).
Enabling and causal conditions and informarion flow
specifications are represented by arcs connecting places
and transitions.
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An UPN is represcnted as follows:

(BT MT.C.Ie” T Ie™ Int A

where

® P=|p1,..., pn) denotes the set of places (repre-

sented- graphically as eircles);

T= [t1, .,!m] denotes the set of primitive transitions

(represented graphically as black bars);

* MT=|mt1,...,mit] denotes the set of compound
transitions (represented graphically as blank bars);

* Cwm {C(p1), ..., C(pn)] denotes the colouring, i.e.,
each C( #:) denotes the set of data associated to place
pis

s Ie™(p,t)and Ic ™ ( p, t) denote the set of conditional
arc functions, and In " (p,t) and In ¥ (p,) denote
the set of non-conditional are functions;

* M = [m;]lnx1 denotes a marking, where the jth com-
ponent my denotes the colour and number of tokens
on place pj; M, denotes the initial marking.

We have divided the representation of UPN compo-
nents in the following four groups: data, facts, rules, and
metarules. Data and relations between different dara are
used in relational database management systems. Fasts
are designed 1o declare a piece of information about some
dara, or data relations in the system. The control of
information flow is achieved by rules. Here, we are con-
sidering domains where the user specifies informarion
control policies using ‘if then’ rules. Rules are expressed
in UPN by means of transitions. Any transition ¢ has a
data set, C(¢), associated with it. Metaknowledge and
hierarchical net descriptions are represented by metarules
(compound operation) and will be detailed below.
Sample scenarios modelled by using UPN will be demon-
strated in section 3.3,

Metarules are mainly used in UPN as a mechanism to
define sub-nets. They are used in two different directions
to allow a structural and hierarchical composition of the
domain knowledge:

* Horizontal
Rules at the same level of abstraction can be related
to form sub-nets. This horizontal composition allows
the aggregation of rules under specific criteria. Hori-
zontal relations are established by means of what we
call *hmrules’. A hmrule, Ama, specifies a relation in
a set of transitions fmi= {t1,82,...,tm], where
m 2 1 and ¢ is defined at thé level of abstraction a,
Wt € hmg. The sub-net, defined by the metarule Am,
is composed by the set of transitions Amg and the
places thar are connected to the surrounding arcs of
transitions in Amg. Hmrules are generally used to
describe scenarios or sub-nets at a given level of
abstraction.

* Vertical

The vertical top-down decomposition of rules is used
to establish relations between one rule and other
rules which define knowledge at a lower level of
abstraction. Thercfore, vertical decomposition in
UPN allows a structure of rules that form an
abstraction hierarchy. This abstraction method
makes the design and verification process easier by
allowing the designer to follow a stepwise refinement
process working at different levels of detail (see
section 3.2.2). The vertical relationship is based on
the identification of the input and output transitions
which are mainly the links between the sub-net with
the input and output place sets of its parent tran-
sition of the super-net. Transitions, representing
sub-nets, are named as compound transitions to be
distinguished from the primitive transitions rep-
resenting single operation. A vmrule, vm,, specifies
relations between the inputfoutput place sets
(4~ ()17 (t)) of the compound transition ¢ (at level
a=1) and its lower level (level a) transitions
{ti,f2,....8m}, where m = 1 and & is defined ar the
level of abstraction a. Vertical decomposition in
UPN is performed in such a way that the behaviour
at the higher level of abstraction is also preserved
when working at lower levels of abstraction.

3.2.2. Modelling methodology: Generally speaking, any
‘company policy’ starts from the specification of general
global rules which describe aggregate operarions for a
given entity within the system. These rules are then
further refined into more detailed specifications on a step
by step basis, until no aggregate operations are left.
Following a similar concept, a hierarchical modelling
method using UPN has been developed which allows the
system designer to start from abstract global nets and
continue with successive refinements until the desired
degree of detail has been reached. In addition to the
refinement of rules within each seenario, a technique is
needed to synthesize all the seenarios to form a coherent
net representing the company-wide policy for all entities
in the system.

Some work in hierarchical representation using Petri
Nets has been done for various applications (Valette
1979, Suzuki and Murata 1983, Narahari and
Viswanadham 1985, Jeng and DiCesare 1990). The hier-
archical modelling methodology facilitates the modelling
task. It incorporates:

Top-down stepwise refinement technique for the
modelling of each scenario from an abstract and
aggregate level to a detailed level. This approach
necessitates the development of new Petri Ne: mod-
elling entities which include two types of transitions;
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one 1o represent primitive operations, and the other
to represent compound operations which can be
further exploded into sub-nets as mentioned above.
The design process for each scenario (each ser of
functional relations) starts from an abstract net with
both primitive and compound transitions, and con-
tinues by exploding each compound transition until
no compound transition exists.

Synthesis technique for synthesizing separate nets,
which represent different scenarios of the system, to
form a eoherent net. A breakthrough in our model-
ling approach is to incorporate the modelling of the
databases of the manufacturing application systems
involved, using UPN, by defining the database
states as global variables, and synthesizing nets
through them systematically. This enables the
structuring of Petri Nets in a progressive manner,
and facilitates the transformation of the ‘company
policy’ of Fig. 4 to a formal model.

3.3. Semple scenarios from the CAD|CAPPIMRF [I[SFC
integrated spstem

3.3.1. System specification of a sample scenario: A set of
scenarios of the CADJCAPP/MRP IIfSFC integrated
system, which form the knowledge base to manage and
control informartion flow among manufacturing appli-
cations, has been developed as described before. In this
section, two scenarios, ‘Establishing and deleting new
work centres’ in MRP II, are derailed inidally in plain
English like most company policies. Both the sequence of
activities within the various manufacruring applications
and the precedence constraints of operations prescribed
by the company policy are detailed below.

I. Sample scenario A: Establishing new work centres in the
system via MEP II:

To establish a new work centre in the system, MRP I users
must provide the following basic informartion, in addition w
assigning its unique identification number:

* ID number;
* description;
* department.

Subject to the condition that this ID number does not already
exist in the system, this work centre record is established in
MEP II with its starus ser 1o hold. MRP II users then finalize
all the other work centre details needed in MRP II module as
follows:

capacity;
resource code;
rate code;
disparch horizon;

Y

* effectivity start darte.

Then the MRP II user releases the work centre.

These data may be entered separately into the system as each
data item becomes known. Otherwise, the system will request
for them during releasing of the work centre in MREP II as
described below. In addition to the data fields mentioned, efec-
tivity end date, status code, work centre state, and work centre
load profile are also part of the work centre record in MRP 11,
The starus code is not a user input, but is updated automatically
from hold 1o released by the releass transaciions on the work
centre. The work centre state is maintained by SFC users and
is not provided at this stage. The work centre load profile will
be entered and maintained by SFC and updated automatically
in MREP II after the work centre is allocated for job scheduling,

The release of a work centre in MRP II triggers a set of con-
sistency echecks, which are as follows: the ID number provided
must exist in MRP II with hold starus; all the reguired data
fields should have been flled, and any data fields left our by
users are requested at this stage. If all these checks are sarisfed,
the system changes the work centre status code from ‘hold' to
‘released’, and a skeletal work centre record is created
automatically in the work centre file in CAPP, with its status set
to ‘working” as well as a work centre record in the work centre
file in SFC with its starus set to ‘hold’. These work centre
records contain all the common information between MRP 11
and CAPP, and between MREP II and SFC.

CAPP uscrs then input the detailed technical informartion
regarding that wark centre. The following fields are required ta
be completed in CAPP, before the work centre can be given a
released starus, and made effective and ready to be used in
process plans. If a particular data field does not apply to the
specific work centre, then ‘inapplicable’ will be entered auto-
matically. However no field can be left blank.

horse power;

speed range;

feed range;

work envelope;
accuracy;

tool change time;
feed change time;
speed change time;
table rotation time;
wool adjusting time;
rapid traverse time.

@ & & & & & & B & B @

Similar o the MRP II, invoking the work centre release
transaction in CAPP triggers a set of consistency checks, which
are as follows: the ID number is checked to ensure that a work
centre file with status set to ‘working’ exists in CAPP; all the
required data fields should have been flled, and any data felds
left out by users are requested ar this stage with the help of
system generated prompts. Upon the satsfaction of these
checks, the werk centre obtains a released status in CAPP and
the common data felds between CAPP and SFC are copied
automatically from CAPP w SFC.

This scenario ends by releasing the work centre in the SFC
module. Invoking the work centre release transaction in SFC
triggers a consistency check: the ID} number is checked to
ensure that a work centre file with status set to *hold’ exists in
the SFC; the WC starus in both MRP II and CAPP are set to
‘r' to ensure all the necessary information has been provided;
the current data is past the effectivity start date. The work
centre state is then automatically set to ‘av’ in SFC and MRP
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IT for being available. Upon the satisfaction of these checks, the
work centre obtains a released status in SFC and work centre

state is updated in MRP II.

II. Sample scenario B:
system via MRP II:

Deleting work centres from the

Work centres can only be deleted via MRP II. As explained
earlier, MRP II is the execution function in most companies,
being in charge of maintaining static data regarding parts and
work centres in the system. It is the sole centre for purchasing
of resources, and in turn, is the function through which equip-
ment is phased out, or deleted from the system.

When the delete operation is invoked in MRP II, the fol-
lowing system checks must be initiated. A check must be made
to see that the work centre being deleted exisis in MRP II. The
status of the work centre is not relevant to the operation. In
addirion all the routeings maintained by the MRP II routeings
module are checked. If any routeings utilizing this work centre
exist, and are in the ‘hold’ or ‘released’ status in CAPP, the
operation fails, and a message to this effect is displayed. This
is because work centres which are urilized by active routeings,
cannot be deleted. In addition, if any manufacturing order in
MREP II and SFC utilizing this work centre exists, the operation
fails, and a message o this effect is again displayed. This is
because work centres which arc utilized by active orders cannot
be deleted. If the above checks are satisfied, the work cenere can
be deleted from the routeings module of MRP 11, CAPP, and
SFC.

3.3.2. UPN madel of sample scenariss: Once the company
policy is clearly expressed, a model representing it can
then be developed to simulate its logic as deseribed in this
section, and furthermore to detect any inconsistencies
and incompleteness in it which will be described in
section 3.4. The UPN model is presented in rwo forms,
graphically (UPN graph) and mathematically (UPN inci-
dence matrices).

I. Top down refinement—establishing new work
centres in the system sta MRP IT

This scenario is one metarule irself, which in turn
involves four metarules {as defined in section 3.2.1)
‘insert a work centre in MRP II', ‘release a work centre
in MRP II', ‘release a work centre in CAPP’, ‘release a
work centre in SFC'—connected to each other based on
the herizontal composition formalism. Each of these
metarules is then refined to one sub-net and connected to
the higher level netr, based on the vertical composition
formalism.

The above example modelled by a UPN graph is
shown in Fig. 3. An abstract company policy, which rep-
resents the scenario ‘creatc a work cenire via MEP II,
15 modelled with compound transitions (blank bars), rep-
resenting (tl) ‘insert a work centre in MRP II", (t2)
‘release a work centre in MERP II, {t3) ‘release a work

i gl

tl: add & new work center record in MEP [
t2: rolease the wark canter in MEP [

t3: releans the work center tn CAPP

t4: riledas the work cemter in SFC

Database place ootations

NXwe, EX'we:

M = doeas pot exist

E = exiza

K = dntabase: M . MAP IL P -» CAPP, 8. SFC
WE = WOrK center

Figure 3. UPN graph of the scenario: ‘Create a work centre via
MRF II' at an abstract level.

centre in CAPP', (t4) ‘release a work centre in SFC', and
the sequence and constraints among these compound
transitions.

One of these compound transitions (metarules), ‘insert
a work centre in MRP II" of Fig. 6 is refined into a lower
level sub-net, through the vertical decomposition. This
subnet contains four primitive transitions representing
(t1.1) ‘request Weid’, (e1.2) ‘output error message’,
(t1.3) ‘request Des and Dep’', (t1.4) ‘add work centre
record into the MRP II DB’, which cannot be further
refined. It also defines the horizontal composition among
them and the interacrion with the MEP II darabase.

An incidence matrix (C=C~ - C7) is an algebraic
representation of one Petri Net with columns rep-
resenting transitions, rows representing places, and the
matrix clements representing the weights of arcs from
transitions to places (€ * ) and from places to transitions
{C ™). It enables us to model and analyse the dynamic
behaviour of Perri Nets mathemarically. The marrix
elements in GPN are integer values representing simple
connection berween places and transitions. However, in
UPN the elements in the incidence matrix become
functions.

A state equation to transform one marking of Petni
Nets into the next one is shown below.

;.r"f: = Jl’fa - Cx
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where M; and M;—, are the successive markings ¢ and
-1, and x is a vector containing the fired transitions.
The following matrices represent the UPN model in

Fig. 5.

NMwe
EMiwe
C o - ;VPEL'I.'
EPunc
NEuwe
ESwe

Nifwe
EMuwe
C° = NPuwe
EPire
NSwe
ESwe

£ ia i3y
Camcid # 3 0 0
({ewcid# }, &, na) ]
{oweid # ) 0
(Crcid # 3, )
Cweid

SoOQ oo

g

((weid# ), h, na)
({werd & ), w)
0

== — ]

The following matrics describe the UPN model in

Fig. 6.

NMunc
EMur
b1
B1.2
B3
Fl.s

C ™ =

Nifwe
EMuwe
C™ = P
22
b1
Pl

f2 f1.3
] Crocid 8 )
({ocrid i }) 0
0

-

coOo=oof
He

0
Cweid 8 rucid # )
0

0 0
1 f.3
0 0 {urcid # ¥
0 ({cid & 3) ]

0 1 0
{wcid § ) 0 0

0 {rctd # 3 0

0

0 (weid B ), (desdt ),

tz t3

0 a

({weid# ), r, na) 0

0 ]

(Cwcid# ), r) 0
0

0 (Crwcid & 3, b, na)

The connections between higher and lower levels are
made through the identified input and output transitions
(Harhalakis e af. 1991). In this example the input tran-
sition is f1.4+ and the output transition is also #;.4. Thus,
all the input places of transition ¢ are connected to !4
and all the output places of transition # are connected
from #1.4. The result of refining ¢ (Fig. 6) of Fig. 5 is
shown in Fig. 7.

tL1: request and read weid

11.2: write srTor messags and rears

t1.3: requaest asd read descrption and department

t1.4: add work center record i the MREF 11 d5ase
with sta=h and sta=na

pl1! user starts tha transaction
pl2: wrid is provided

pl.3: ermor message i pricted out
pL4: all nocessary data is provided

Figure 6. Sub net of the work centre creation scenario: ‘Insert 2 work centre via MREP II°.

fa

0
({wcid & 3, r, na)

o

0
0
{Cwed # 3, &, na)
L
g
(Cowced # 3, v, na)
Q

1]
({erctd & ), r, at)

o

coooort

Cwetd ), (des &), {dep i )

]

ooDooael

(dep )

II. Net synthesis—establishing and deleting work centres
Srom the system via MRP II

The two scenarios, ‘Creation and deletion of work
centres via MRP II modelled in UPN’, are shown in
Figs 5 and 8 respectively. Each of the figures has its inci-
dence matrices (C=C" — C~ ) associated with it.
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]

Figure 7. Partallv-refined UPN of the scenario: “Create a work
centre via MRP II'.

71

Qi Qi

Figure 8. UPN graph of the scenario: *Delete a work centre via
MRP II' at an abstract level. :

The following incidence matrices describes the UPN
model of Fig. 8.

NMwe ] NWiwe { et f )
EMuwe {roetd & 3 EMue ]
C~ = NPuwe 0 C" = NPue 0
EPwe Corcid # EPux {werd & )
MNSwe 0 NSwe {oncid #
ESwe {weid # ) ESuwe 0

Synthesis is made by merging one place into another
place if the interpretations of the two are identical, or if
the interpretation of one place is included into the inter-
pretation of the other place. In our case, it is the database
places which form the basis of common places. The
resulted UPN of synthesizing the nets of Figs 5 and 8 is
shown in Fig. 9.

In the above example, the company policy, which
involves the scenario “Create a work centre via MRP IT
and ‘Delete a work centre from MRP II', is now repre-
sented by a single net. This net retains the dynamic
behaviour of both scenarios and reflects the relationships
berween them. Following the same synthesis technique
one by one for all scenarios, the result is a unified net
representing the model of the entire system.

3.4. Knowledge base verification

The major cbjective of creating a KBS using Petri
Nets is the ability of validating the KBS mathemarically
and systematically. The completeness (dead-end rules,
unfirable rules), consistency (redundant rules, subsumed
rules, under-constrained rules), and conflicts, are the

Figure 9. UPN graph of the synthesized scenario ‘Creation and
deletion of a work centre via MRP II' at abstract level.
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major issues in knowledge-based validation (Mguyen
¢t al. 1987, Lopez « al. 1990). The incidence matrices of
Petri Mets representing the rule base can be used to
perform some of these validation checks and verify them
with the aid of specific domain knowledge. Several other
analysis techniques for Petri Nets, including, reachability
trees, behavioural nets, and net invariants, are also used
(Peterson 1981, Jensen 1986, Martinez and 3ilva 1982).
The net invariants, which represent murually exclusive
conditions within the ‘company policy’, can reveal
logical conflicts in the specification of the original rules
and possibly errors introduced during the modelling
process. The reachability tree can be used to detect any
deadlocks or inconsistencies in the model. The
behavioural net can be used to detect redundancies in the
net and is a useful tool for reducing the complexity of the
model. The programs for computerizing these analysis
methods have been developed and applied extensively.
Some reduction rules {Lee and Favrel 1983) have also
been investicated for reducing the complexity of nets
prior to the analysis phase (Harhalakis « al. 1991).

However, these analysis techniques wers initially
developed for Generalized Petri Nets (GFPIN), and do not
apply to Coloured Fetri News (CPN) which are
characterized by a great diversity of linear functions that
are associated to their arcs. Therefors, unlike analysis
algorithms for GPN that use integer martrices, analysis
algorithms for CPN need to manipulate martrices com-
posed by linear~functions. This fact introduces a high
complexity in the development and execution of these
algorithms. An alternative approach will be to unfald
UPN into GPN before they can be analysed (Harhalakis
et ¢l 1991},

3.3. Implementation

The implementation phase is being realized through
the development of the Update Dependencies Language
(UDL) in the Department of Computer Science, at the
University of Maryland {Mark and Roussopoulos 1387).
Database interoperability can be described as the concat-
enation of the schemata of each of the databases of the
application systems, along with a rule set constructed for
each separate database, called update and retrieval
dependencies. These update and retrieval dependencies
control inter-database consistency through inter-database
operation calls. We are using Update Dependencies as a
special rule specificarion language for the implementation
af our KBS. The algorithm for automartic translation
between the UPN and the UDL language has been devel-
oped (Harhalakis etal 1991), which reduces substan-
tially the implementation effort.

4. Conclusions

The INformation Systems for Integrated Manufac-
turing (INSIM) methodology has been developed and
implemented for generating a knowledge-based system to
manage and control the information flow among
CAD|CAPP/MRP II/SFC application systems effec-
tively. This design methodology is fairly generic in that
it can be applied to generate knowledge-based systems
for other applications. Depending on the rule specifica-
tion language used, this design methodology can be
applied in the same way with a modified Petri Nets trans-
lator. Another feature of INSIM is that it can be used
dynamically to introduce updates and/or additions to the
company policies and procedures as they evolve. Future
wark ineludes the extension of synthesis techniques for
modelling more complicated scenarios of the company
policy, and the development of new techniques for vali-
dating rule bases with more complex structures.
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