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Abstract

Manufacturing enterprises are faced with an increasing global competition and dynamic markets.
This development results in a need for more flexible manufacturing structures and the ability for
global collaboration. In the curse of this, crossfunctional information systems turn info an essential
competitive factor. However, the analysis and the integration of an enterprise's core functions is a
maijor challenge. A modelcentric approach, namely, multi-perspective enterprise modelling, is an
appropriafe conceptual insfrument to overcome those gaps. Enterprise modelling is widely regarded
as an appropriate tool to support analysing, designing and managing corporate information systems.
In the paper at hand, we propose an approach fostering the applicability of enterprise models
by offering domain-specific concepts. These modelling concepts reflect domain-specific concepts,
which are wellknown to manufacturing people. Hence, they are particularly suitable for supporting
specific analyses, as well as information systems' development.
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1 Motivation

Manufacturing enterprises (ME) are affected by dynamic markefs and increased global competi-
fion. Such a development requires flexible manufacturing structures that support the production of
customised products. At the same time, costs resulting from manufacturing processes have to be
reduced (EIMa06). New manufacturing strafegies promise the production of customised products,
while having low cost production structures (Mass Customisation). Further emphasis is on global
collaboration with customers, suppliers and even with competitors in virtual enterprise networks
(Ciac99; PiSKT04). In the course of this, crossfunctional information systems (IS) are recognised as
an essential factor in order to support and infegrate functions, “such as product / process modeling,
process planning, process and production control strafegies and logistics” (EIMa06, p. 2).

However, the status quo of ME usually shows a multiplicity of badly integrated applications.
Reasons for this are a historically grown separation of production planning and control systems
(PPC) and the so called CAx! systems. A popular approach emphasising the integration of PPC
and CAx is the Computer infegrated Manufacturing (CIM|]. Nevertheless, the initial euphoria has
been replaced by the perception that CIM is oo complex, unwieldy and cost intensive (cf. CorsOO0,
pp. 546t.).

Beyond that, manufacturing systems are usually considered from actors with different professional
backgrounds, e. g., business economics and the engineering. The various acfors have got specific
expectations and views on manufacturing systems, as well as terminologies of their own. Such
differing views and the inherent complexity of manufacturing systems have lead to a “diversity of
models used in the different stages of the life cycle of a product” (SeTa97, p. 733). Expected
consequences of this diversity are frictions that hamper the communication caused by synonyms
and homonyms. Further problems may arise from redundant information represented in different
models. A particular bill of material (BOM), for instance, might be considered from different views:
The purchase department usually focuses on an analytical view (what do the products consist of2).
The construction department generally has a synthetic view (in what do the products go info?).
Despite obvious corresponding concepts, the BOM is usually stored and maintained separately. This
redundantly stored information often causes extra work, as well as an increased error-proneness.

We assume that enterprise modelling (EM), and in particular multi-perspective enterprise modelling
is an adequate tool for bridging those gaps. It provides mechanisms for handling the complexity
of the overall enferprise system (Fran@4). EM is widely regarded as an appropriate conceptual
insfrument to support analysing, designing and managing corporate information systems. |t further
supports the design and management of an enferprise's strafegy and organisation. The fransparency
created by such an approach enables a strategical, tactical, and operational decision support. Ex-
amples for concrefe decision scenarios are business planning, restructuring, specialisation, and
subconfracting. A multi-perspective enterprise model consists of various models of an information
system (e.g., class diagram, message flow diagram) and of the action system it serves to sup-
port (e.g. business process model]. However, the description of an enterprise's processes is a
challenging task, especially for people without a modelling background. Some researchers refer
fo conceptual limitations of EM approaches, which do not cover manufacturing-specific aspects
in an appropriate manner. Especially resources and their allocation to processes are usually not
considered at all (DeWW03: ChAWO7).

From an academic and an industrial point of view, providing manufacturing-specific concepts
and their integration with further enterprise modelling concepts are a matter of particular inferest.
It is assumed that a general purpose modelling language (GPL) is not satisfactory for this purpose.

'CA stands for computer aided systems. The X is a place holder for further systems encompassing Design (CAD),
Engineering (CAE), Planning (CAP), efc.



Examples for such GPL's are the Unified Modelling Language UML (RulB99), the Entity Relationship
Model ERM (Chen76), or Eventdriven Process Chains EPC (KeNS92). A GPL does not provide
domain-specific concepts for representing and analysing manufacturing systems. Instead, it requires
for the reconstruction of common concepts by using primitive generic terms, such as “class”, “at-
fribute”, or “activity” (cf. Fran99, p. 7). Such a challenging and time-consuming task can hardly
be done by an unexperienced modeller, since it requires special diligence and competencies. As
a consequence, industry has a critical affitude to modelling (FIRi98).

A domain specific language (DSL) can overcome these gaps by providing concepits that reconstruct
the professional ferminology, i. e., concepts that are analogue to the concepts of the domain experts.
Domain-specific concepts increase the comprehensibility and the clearness of models. It further
confribufes to the documentation and reuse of knowledge, thereby fostering modelling productivity
and integrity of models. Domain-specific concepts may foster the acceptance and application of
such a language (GrPRO®; KircO7). Re-use of such predefined concepts might pinpoint possible
sources of modelling errors by a well-defined syntax and semantics, which increases the quality of
models. Providing an adequate graphical notation improves the intelligibility of models. Analysing
models and fransformations to more sophisticated representations can be supported (e. g., process
plans, scheduling models). In conclusion, the design of a DSL demands fo consider the specific
requirements and terminology of a domain. A major challenge that usually force the researcher to
consider the industrial grasps, as well as different scientific research fields.

The report at hand outlines a domain-specific extension to a given enterprise modelling method
supporting the analysis, design and management of manufacturing processes. The remainder of the
report is structured as follows: A major characterisation of enterprise modelling and manufacturing
system is given in Section 2. The enterprise modelling characterisation considers five major aspects,
which constitute our notion of this ferm. An overview on existing approaches for manufacturing pro-
cess modelling is discussed in Section 3. A draft meta-model of the manufacturing DSL is infroduced
in Section 4. This presentation of the DSL comprises its abstract synfax, as well as its usage in the
context of manufacturing process configuration using reference models. Section 5 consists of a case
study involving a manufacturing SME and a tool developed within a research project. The report
closes with a summary and an outlook on future research in Section 6.



2 Basic Terminology

Manufacturing Systems are a classical subject matter of various academical fields, such as produc-
tion management, business economics, engineering, \/\/irtschoﬁsinformotikz, and computer science.
For this reason, basic terminology has to be drew upon different sources, especially academical
literature of production management and Wirtschaftsinformatik. Our notion of enferprise modelling
is presented in Section 2.1, which is supplemented by well-known enterprise modelling approaches.
Manufacturing related ferminology is presented in Section 2.2.

2.1 Enterprise Modelling

Goal of the section at hand is to clarify our understanding of the term enterprise modelling. This
characterisation focuses on relevant properties of enferprise modelling and therefore mentions as-
pects that separate common models from enterprise models. Enterprise modelling aims at describing
enferprises (or organisations in general) using different perspectives and views. The basic idea of
multiple views has already been proposed and elaborated in the confext of several EM approaches.
Some wellknown examples are listed in this introductory section.

2.1.1 Main Characteristics

The term enterprise modelling is widely used and usually considers several abstractions. Conse-
quently, a sef of characteristics is given in order to provide a foundation for its understanding:

Conceptual Modelling  Enterprise models usually are conceptual models. Conceptual models aim
af representing major concepfs of a given application domain. They focus aspects that are
relevant over a long period of time. Specific instances are usually ignored.

Levels of Abstraction  Information on an organisation can be presented on different levels of abstrac-
fion. Examples for different abstraction levels are diverse elementary process types (including
concrete information), as well as aggregated processes (containing information on a cumula-
fion of business processes). An enferprise model should consist of several levels of abstraction.
A dedicated modelling tool can support the navigation between these levels.

Multiple Paradigms An enterprise model usually takes account of varying modelling paradigms.
There is a major distinction between static and dynamic models. Static models might represent
the organisational sfructure, as well as information processed within a process. Dynamic
models reflect the behaviour of a system, e.g., (business) process models, state charts and
data flow diagrams.

Interdisciplinarity Enterprise models tend to cover various aspects of an enterprise. Examples
for such aspects are economic restrictions, processes, relevant data or production planning.
Hence, multiple aspects and academic disciplines have fo be taken info account. An enter-
prise model is therefore a combination of partial models, each representing a specific aspect
of an enterprise.

Views and Infegration Enterprise models can be structured by several dimensions. Such dimen-
sions might be the levels of abstraction, paradigms and domains. A view represents an
unique combination of facets of each of these dimensions. An enterprise model therefore

2The German speaking world's counterpart fo Informations Systems (IS).



consists of different views and the consistency of all views have o be maintained. An in-
fegration of these views can be realised by common meta-model concepts and o common
mefa-meta-model.

Despite the existence of some common concepts and approaches, there is no generally accepted
interprefation of the term enterprise modelling. There might be a consensus in some modelling
communities. However, current research on enterprise modelling, as well as according publications
are affected by different scientific disciplines. There are some approaches, which - at least in part -
meet our requirements on enterprise modelling. These approaches are introduced in the remainder
of this section.

2.1.2 Zachman Framework

Zachman presented his framework in the IBM Systems Journal in 1987 (Zach87). It has been
extended by Sowa and Zachman in 1992 (SoZa92). The extended framework consists of two
dimensions: The first dimension represents several aspects: data, function, network, people, time,
motivation. The second dimension reflects different levels of abstraction. Each level is associated
with a typical role of a participant in enterprise modelling. The levels of abstraction range from a
planner's perspective (Scope) to the implementation of an information system (Components). The
levels of abstraction are called Perspectives, each of which represents a strategic pointofview, the
operational level or the implementation of an information system. However, modelling languages
that represent the particular views are not infroduced.

2.1.3 GERAM Framework

The abbreviation GERAM stands for Generalized Enterprise Reference Architeciure and Method-
ology. It has been developed by the IFAC/IFIP? task force formed at the IFAC World Congress
in 1990. Itis a framework for the unification of various methods of several domains to support
enterprise engineering and integration. Hence, it comprises - among others - methods from in-
dustrial engineering, control engineering, and information systems. The idea is fo generalise the
confributions of existing enferprise architecture frameworks. More information on GERAM can be
found in (BeNSO3, pp. 22 et seq.). It represents an framework rather than a modelling method
comprising process models and modelling languages.

The GERAM components describe requirements concerning reference architecture, modelling lan-
guage, process model, tools, and enferprise models. The Enterprise Engineering Methodology
(EEM) is in charge of describing the process of enterprise engineering and infegration through pro-
cess models or structured procedures with detailed instructions for each activity. The major part is
the Human Factor, which defines the phases of the enterprise engineering and infegration project,
as well as the way of involving as much as possible people of the enterprise info the analysis and
design of the manufacturing and service systems. Aspects conceming project management and
economic issues have to be considered foo.

Enterprise Modelling languages (EMLs) have fo encompass “various forms of descriptions and
models of the farget enterprise” (cf. BeNSO3, p. 53). Thereby, various viewpoints have to be
considered according fo the views of the GERA modelling framework. Bernus et al. mention that
a set of consistent modelling languages has to be selected or developed, such as the CIMOSA

®IFIP stands for International Federation on Information Processing; IFAC stands for International Federation of Automatic
Confrol.



(cf. Section 2.1.5) or IDEF languages®. Such a language should be defined by a Glossary, a
Meta-model or an Onfology. The language definitions are part of the so called Generic Enterprise
Modelling Concepts (GEMC) component.

Partial Enterprise Models (PEM) provide a set of predefined reusable reference models. Further
components are the Enferprise Engineering Tool (EET), which supports the design and the manage-
ment of enterprise models. The Enterprise Module (EMO) provides already implemented building
blocks or systems. The Enterprise Models (EM|] component represents the designed enterprise mod-
els developed using elements of the predecessor components. The operational system is called
Enterprise Operational System (EOS). It is in charge of the fulfillment of the enferprise objectives.

2.1.4 ARIS

The Architecture of integrated Information Systems [ARIS) is the most popular EM representative
in academia and business practice. It is defined by the so called ARISHouse (Sche99), which
comprises five different views. The views are given as follows:

Data View The data view comprises stafic aspects of an enterprise model. It represents dafa types,
messages and evenfs.

Function View Corporate functions are represented within the function view. It also contains goals
and software applications.

Organization View The notion of organisation in ARIS comprises varying kinds of concepts needed
for the execution of business processes. These might be organisational units, as well as
resources (e. g., machines, human resources, computer hardware).

Output View All products, which are needed by or the result of a business process are situated
in the output view. Examples for such products are information, services, physical goods or
money.

Control View The ofore-mentioned views are infegrated by the control view. The dominating lan-
guage is the EPC, which is used to describe the control flow between corporate funcfions. An
EPC consists of functions (Function View) and events (Data View) and also integrates organi-
sational units, as well as resources.

The process model of ARIS prescribes three phases for each of these views. Requirements are
defermined during the phase called requirements definition. Requirements of the application domain
are recognised and documented for further development. The design specification serves as an
interface between requirements definition and implementation. It maps the concepts documented in
the requirements to implementation-specific concepts. These concepts are further described in the
implementation description and mapped to concrefe information technology components.

The ARISHouse is popular in the area of Wirtschaftsinformatik and enterprise modelling in Ger-
many. However, the basic conceptualisation of the ARISHouse is ambiguous. Physical and human
resources are situated in the organisation view. Software resources |(i. e., application software) are
part of the function view. Hence, resources are distributed over different views. Data and message

“The purpose of IDEF is to provide a powerful but usable modelling languages to support system design (cf. MeMa®8,
p. 209) or NIST. See publications of the National Institute of Standards and Technology for more information visit
http:/ /www.nist.gov/ (last visit 05.04.2007). IDEF stands for ICAM DEFintion. The former abbreviation stands for
Integrated Computer Aided Manufacturing, which is initiative commissioned by the US Air Force in the 1970s. The
main goal of IDEF is to leverage computer technology to increase manufacturing productivity. This improvement is
should be provided by a set of modelling languages for system design and analysis.



types seem fo be reasonable candidates for stafic concepts. But, events are also categorised as
static objects. This categorisation is adequate as far as events do not contain activities and confrol
flows. Events are notwithstanding an elementary concept of the control view, which is in turns de-
scribed by EPC. Further applications of EPC discuss the feasibility of applying workflow modelling
techniques within production planning and control (BeNHO2). However, no specific modelling lan-
guages are published that provide concepts for modelling manufacturing processes and resources

appropriately.

2.1.5 CIMOSA

The Open Systems Architecture for Computer Integrated Manufacturing (CIMOSA| is an EM ap-
proach that originates from a manufacturing context. It has been developed over a period of fen
years in a number of industrial projects starting in 1984. The goal was to provide an integrated en-
ferprise model, which helps enterprises in integrating facilities and operations. Its core components
are:

1. The Enterprise Modelling Framework (EMF| for business operations representation, analysis,
and design.

2. An integration infrasfructure to support infegration, execution, as well as monitoring and control
of business and applications.

3. A process model for supporting the application of CIMOSA.

The process model of CIMOSA prescribes the phase's identification, conception, requirements
definition, design specification, implementation description, operation, maintenance and decommis-
sioning (Vern@3; VernQ6; Vern98). A reference architecture, the so called CIMOSA Cube, guides
the user in applying CIMOSA. This cube can be used as sfarting point from which a particular
enferprise architecture can be derived. Four views are provided, namely, the Information View,
Organisation View, Function View and Resource View. CIMOSA distinguishes between three kinds
of flows in an enterprise control flow, material flow and information flow. The former is defined
as a workflow defining the enterprise behaviour. The material flow describes the transformation of
physical goods. The information flow can be decomposed info data, document and decision flow.
The different types of flows can be modelled separately, as well as in one single model.

e Information View

— Enferprise Obiject: This element represents real-world entities of an enterprise. It com-
prises Information Elements and Abstraction Mechanisms (generalisation, aggregation).

— Object View: The Object View is a manifestation or state of an enterprise object. It
can either represent information entities or material entfities |i. e., references to concrete
realworld objects).

e Organisation View

— Organisation Unit: An Organisation Unit is an organisational element defined by its list
of skills, responsibilities and authorities within an organisation.

— Organisation Cell: This element is an aggregation of Organisation Units and/or other
Organisation Cells.

e Function View



— Event: Events represent relevant happenings of an enferprise. Examples are arrival of
customer order, orders given by mangers, efc.

— Domain: A Domain represents a functional area of an enterprise encompassing a defined
set of domain processes.

— Domain Process: A Domain Process represents existing business processes from its start fo
its end. It can functional decomposed info lower-level Business Processes. The processes
on the lowest level are called Enterprise Activities.

e Resource View

— Resource: Resources are grouped info active resources (Functional Entities) and passive
resources (Components|). The latter one comprises objects that need to be used or ma-
nipulated by a Functional Entity.

— Capability Sef: This element consists of various Capability Elements, which concern the
functionality of an enterprise activity or resource.

— Allocation Mode: The Allocation Mode expresses the reservation of resources at run-
fime. Possible values are firstindirstout, lastindlastout or any other algorithm for the
assignment. No information could be found that express how to model further aspects
of the reservation resources, e. g., capacity consumption.

— Assignment Mode: The Assignment Mode can express an acquisition strategy between
various jobs, i.e., priority.-based resource assignment

CIMOSA is sometimes propagated as the leading EM approach within the manufacturing do-
main (WoHGO1; RaWe05; ChAWO?). It prefers a non-graphical modelling approach.  Semi-
formal graphical modelling approaches are described as not useful for detailed analysis of be-
havioural properties, performance evaluation and resource management specification. The usage of
Petri nets is recommended to formally describe business processes and enterprise activities (VernQ6).
We assume that the lack of semiformal graphical modelling concepts hampers the understanding of
the models. Especially stakeholders with nontechnical backgrounds usually struggling in understand-
ing formal models, since they lack semantics. Beyond that, CIMOSA does not provide appropriate
semantics in ferms of specific process and resource types.

2.2 Manufacturing Systems

A manufaciuring system is a sub-system of the overall system Entferprise (cf. Figure 1). It uses or
consumes scarce resources (Input], such as machines, material, humans in order to transform goods
(Throughput) fo a state of completion (Product/Output).

The optimal defermination of these production factors is a classical task of production management
(PM\). Corsten suggests a conceptional framework for production management in order to reduce its
inherent complexity (cf. CorsOO, pp. 23f.). It presents three levels, namely, product and manufactur-
ing program planning (Output), capacity planning (Input), and process planning (Throughput). These
levels are interrelated to each other, i. e., program planning determines basic conditions for capac-
ity planning. Manufacturing program planning addresses all questions around the current and future
range of products encompassing research and development, as well as product design. Capacity
planning is focused on the harmonisation of all applied resources, to avoid capacity shortages and
accompanied idle time costs. Process planning is aiming at the optimal executing of production
processes. |t comprises the design of the production site to , for insfance, reduce transportation
costs.
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Figure 1: The Manufacturing System as Sub-System (Cors00)

Three time horizons are distinguished, i. e., strategical, tactical and operational. On strategical
level, longterm decisions are made. Thus, knowledge about the overall situation of the enterprise is
needed, which usually comprises information about the current product range, processes, resources
and their capabilities, future demands, etc. The tactical level concrefises the strategical specifica-
fions, e. g., outsourcing of processes or purchase strategy. Operational decisions are aimed at the
opfimal execution of the manufacturing system, with a given set of resources and orders. It becomes
obvious that each decision level considers manufacturing sysfems on its own level of abstraction.
Various modelling approaches have been applied fo plan and control, or simulate manufacturing
processes. This encompasses various forms of project plans, Leitstand, which are not considered
further, since they lack appropriate modelling concepts.

This following paragraphs characterise fundamental terms of the manufacturing domain, which
are relevant for the paper at hand. The terms business process (BP) and manufacturing process (MP)
are infroduced and discussed in terms of their characteristics.

Manufacturing Process  The conceptual separation of business processes and manufacturing pro-
cesses [synonyms: production / transformation process, throughput) is recommended, since they
differ in terms of their process-subject, resources, and analyses. Both are usually not differentiated
in literature in an appropriate manner. It is assumed that business processes surround manufacturing
processes, i.e., both processes are deeply interconnected (ScBa@5). Business processes represent
administrative processes usually executed in the office encompassing finances, customer and sup-
plier relationships, and more. By confrast, production processes are executed on the shop floor
aiming at the fransformation of goods. It is obvious that the subsequent contribution of the produced
goods can be allocated to the business process area. The distribution of goods, for instance, is
classically described as business, as well as manufacturing process. The latter implies a wide under-
standing of the term transformation, since goods are transformed in terms of their location and state
(e.g., sold). Such stafe is in accordance to the Association for Operations Management (American
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Production and Inventory Control Society; APICS) a state of further completion:

A manufacturing process is a series of operations performed upon a material to convert
it from the raw material or a semidinished state to a state of further completion. (cf.

CoBIOS, p. 54).

Jico et al. describe manufacturing processes as a combination of BOM, process and resources
i.e., workcenters as capacity units) (JiLPO7). A process, in this context, is understood as sef of
activities carried out by human and fechnical resources. During its execution geometry of materials
is changed, measured or formed material is fransported, stored, assembled or quality checked. The
goal is fo realise products and services for customers, as well as values for stakeholders (BoBHOT;
RaWeO5). In contrast fo this specific a “business process is a recurring sequence of activities
following a more or less rigid pattern of rules. A business process is goaloriented and is directly
related fo the market orienfed value creation of an enterprise. Executing business processes requires
the use of scarce resources”, which “frequently - but not necessarily - accompanied by a graphical
illustration” (FrlaO3). In the domain of manufacturing a more abstract definition of the notion of
business process is given by APICS. A BP is “a set of logically related tasks or activities performed
fo achieve a defined business outcome” (cf. CoBI?8, p. 11).

The following characteristics of manufacturing processes can be synthesised from existing literature
regarding business and manufacturing processes:

e Manufacturing processes are surrounded by business processes.

e A MP is a sequence of activities (process steps) fransforming a good from its raw or semi-
finished state to a sfate of further completion.

e The process subject has to be described in a structured manner usually in @ BOM.

e Within manufacturing processes specific resources are utilised or consumed. Such resources
usually have relationships between each other comprising informational and material trade-

offs [cf. Zele97, p. 1).

Process Plan A process plan (synonyms routing, routing sheet, bill-ofactivities, bill-of-operations,
operation list, routing sheet, etc.) is the counterpart fo the German notion Arbeitsplan. It is commonly
used to describe information “detailing the method of manufacture of a particular item” (CoBI98,
p. 84) and can be labelled as the core information carrier, combining product/material features,
processes, and further manufacturing resources, such as machinery and humans (Wien97; EIMa006).
Thus, a process plan is a description of a manufacturing process on a low level of abstraction. It
abstracts from alfernative resources and process flows. In other words, processes are described
in a strictly sequential manner.  They can be either order-dependent or orderindependent.  The
former necessitates the annotation of quantities and due-dates, taken from particular custfomer or
work orders (Wien@7). Process plans are used within various confexts, namely, material, and
tool management, scheduling, material provision, calculation, and so on. A process plan usually

comprises information about (Loos@6; Wien97; CoBI®8; JiTMOO):

e applied material, parts and sub-assemblies

the operations to be performed and their sequence

involved working centers,

standards for setup and run time

additional information: tooling, operator skills, inspection operations and quality control
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Process Planning Process Planning is the activity of generating process plans, which “seeks to
define all necessary sfeps required fo execute a manufacturing process” (EIMa006, p. 2). The activity
comprises the generation of the process description, so called process plans, numeric control (NC)
programming and the organisation of quality control. The fofal generative process planning (i.e.,
full automated) of process plans is yet to be realised. The major challenge is the formal modelling
of all relevant aspects and their inferdependencies (cf. EIMa06, p. 4). Consequently, a couple of
process planning approaches are published differing in their degree of automation and their level
of granularity.

Resource Resources encompass “anything” that adds value to a good [CoBI98). Borja et al. men-
fion that manufacturing resources enable the realisation of physical products. Thereby, an element
can be a machine, a tool, a human resource (e.g., workers| or a material (BoBHO1). Manu-
facturing processes require specific resources, which are commonly distinguished into consumable
and performing resources. The former comprises consumable resources, such as raw-material and
components. The latter is characterised by heavy machinery, ranging from simple machines, fo com-
plex computerised machines. A detailed discussion regarding resources in the context of business
processes modelling can be found in (Jung07).

Bill of Material A bill of material is a “listing of all the sub-assemblies, intermediates, parts and
raw materials that go info a parent assembly showing the quantity of each required to make an as-
sembly.” (CoBI98, p. 8). Various formats of BOM can be found in literature, e. g., one-dimensional
and multi-dimensional BOM. The latter one allows the generation of variants through the use of
assigned varying parameters, such as colour, material and shape. The connection of the product
and ifs elements, assemblies and parts, are described by quantitative relationships (cf. CorsOO,
pp. 424f.)). Itis quite common to group products and goods in so called (product) families. Product
families are groups of products with similar characteristics (cf. CoBI98, p. 73). Grouping is usually
done by similar parameters, functionality, or usage.

Production Planning and Control  Production Planning and Control consists of a functfion setting the
“overall level of manufacturing output (production plan)” to meet the planned levels of sales (sales
plan). The control function is further responsible for managing (directing, regulating) “the movement
of goods through the entire manufacturing life cycle from raw-material requisition to the final delivery
of the finished product” (CoBI98, pp. 73f.). Thus, a PPC system is responsible for the timing and
execution of partficular operations with a given set of resources and orders.



3 Manufacturing-Specific Modelling: State of the Art

The paper art hand is motivated by the perception that manufacturing-specific concepts foster the
applicability of EM concepts within the manufacturing domain.  Existing enterprise modelling ap-
proaches, namely, frameworks (Zachman, GERAM) and methods (ARIS, CIMOSA), are only suitable
fo a limited extent, since they lack domain-specific semantics. This comprises manufacturing-specific
modelling concepts regarding resources and their allocation to processes [e. g., goods and resource
capabilities (ChAWO7)). This section glance at modelling approaches that address particular as-
pects of manufacturing systems. The following criteria supports the comparison of the approaches
from an EM perspective:

1. Community and Context: This criterion infroduces the community, and in particular the context
of the approaches. It also outlines topicality and regularity of publications published by the
research groups.

2. Goal and Purpose: What are the goal and the purpose of the approach?

3. Object of Research: Describing the research object of an approach allows assessing the
presented modelling concepts.

a) Process Model: Is a process model provided that guide the user in applying the con-
ceptse

b] Modelling: Does the approach introduce modelling concepts?

c) Modelling language: If so, what kind of modelling language is infroduced and how
is it specified® Formal, semiformal, and informal language specification are distin-
guished (Frla03). A language specification, and in particular a meta-model based ap-
proach can be integrated info an existing EM framework conveniently. Provided that the
modelling languages of a certain EM approach are specified adequately. In general,
a formal language specification restricts the usage and - in part - the semantics of the
language. It serves as a starting point for the implementation of a dedicated modelling
fool.

d) Reference Models: Does the approach provide reference modelse
e] Tool: Is a modelling tool developed and presented?
f) Concrefe Models/Case Studies: Does the approach provide concrete models, derived

from case studies.

4. Multi-Perspective: A core criterion is the support of multi-perspective views, which is a funda-
mental requirement for enterprise modelling (Frla03).

5. Integration of Modelling languages: If an approach provides various views and languages,
the question arises: How to integrate these differing views and languages, e. g., static and
dynamic aspectse

6. Domain-Specific Concepts: This criterion addresses the support of domain-specific concepts.
Another question is: Does the approach differ between business and manufacturing aspects?

a) Manufacturing Concepts: Does the approach infroduce manufacturing-specific conceptse
Specific concepts like process, resource, and material (Wien@7; CorsO0; ChatO3;
ChAWO?).

b) Business Concepts: Business concepts encompass strafegies, costs, or performance met-

rics (FrlaO3)



3.1 Autonomous Logistic Processes

The approach “Modelling and Analysis of Dynamics of Autonomous logistics Processes” aims af
opfimising material flow by innovative logistical control concepts. Logistic within manufacturing
encompasses the planning and the control of production, fransport, sforage processes (ScCWK+T04;
ScKHObb; ScKHT06a; ScHKO). The approach s issue of an ongoing research project funded by
the German Research Foundation (DFG) (cf. project flyer®). Autonomous in this context means that
decisions are made by inferacting system elements, which can react autonomously on changing
environment, e.g., exceptions like machine breakdowns. Each system element has to know ifs
particular processing, from it's beginning to the point of it's finishing. This knowledge has to be
described formally.

The authors introduce the following core requirements that the approach has to fulfill: decision
making, interaction and self-monitoring. The decision making demands an explicit annofation of
goals, parameters and input quantities. The notfion of inferaction emphasises the required ability of
interacting with further system elements. Each element defermines the behaviour of the entire system.
The derived modelling concepts are introduced by a meta-model-driven approach enhancing the
UML. The so called factor X represents possible conceptual enrichments - an issue of future research
fasks. A UML class diagram is presented, which introduces manufacturing-specific concepts. The
class diagram encompass the type Resource and Good. The former represents physical elements
of a manufacturing system. It is specialised info the sub-classes Machine, Tool, Employee, as well
as Store and Conveyors. The Good is the base class for physical goods of a certain type. It shows
relations to other classes, e.g., BOM, Activity, Customer Order line item, Purchase Lline item and
Iransportation Line Item.

Static and dynamic modelling aspects are distinguished. The static models encompass the views
Structure, Knowledge and Ability. The dynamic models describe the dynamic behaviour of the
system. They encompass the views Process and Communication. Each aspect is captured by a
cerfain UML diagram:

e Structure: The Structure is responsible for the depiction of the structure and organisation of
the logistic system. Aggregation and composition can be used to model organisational units.

UML model: Class diagrams

e Knowledge: This view describes the knowledge that has to be available for decision making.
Dedicated goals have to be described and assigned to the particular logistic objects. UML
model: Class diagrams; for more complex coherences a specific knowledge representation
language has to be developed

e Ability: The Ability view provides concepts for the modelling of real life problems. The Map-
ping between the abilities and logistic objects is another issue of this view. UML model: Class
diagram

e Process: The process plays an important role in connecting the static models with its dynamic
context (behaviour). The description of time-based sequences of activities and states is focused.
UML model: State machines and Activity diagrams

e Communication: This view describes the message exchange between the logistic objects.
UML model: Sequence diagram

Project homepage university Bremen:  http://www.ips.biba.uni-bremen.de/projekt html, last time visited:

15/02/2007



Recapitulating, the approach is in an too early stage fo assess it exhaustively. The domain-specific
extension of the UML seem fo be a promising task. However, the manufacturing-specific extensions
are not published so far.

3.2 Data Model Driven Manufacturing

The data modeldriven approach introduces data models for supporting computer aided engine-
ering. These models are used as foundation for dafabase representations of products, processes
and resources. The aim is to provide data for decision making during design and manufactur-
ing (MoBe®9). To provide this dafa, a data model for manufacturing the so called Manufacturing
Model MM\ is presented, which should be applicable for any kind of manufacturing enferprise. The
MM represents an information model that captures “data, information and knowledge” describing
manufacturing resources, processes and strategies (MoBe99, p. 226).

Further publications integrate the MM with a specific product data model, the so called Product
Model (PM) (BoHTOO; BoBHO1; BoHBO1). The integration is infroduced on a conceptual level
using the Booch modelling notation. It is used fo describe the information models, i. e., their certain
elements and their relationships. Thus, the structure of the PM is described by a conceptual Booch
model, the so called Product Data Model [PDM\), which provides the value types and structure of
a product. A model for the MM, manufacture data model (MDM) is infroduced, as well. Both
schemes use corresponding concepts, namely, the manufacturing Resource and the operation. A
PDM operation is decomposed into MDM manufacturing processes illustrated by the arrows (cf.
Figure 2). Tables have to be specified in order to describe more abstract strategies, e. g., technology,
capacily strategies. Such a table encompass the elements Cell, Strategic, Operational rules, and
Performance measures. The description of these aspects is not formalised.

Product Data Model A certain database for keeping the design data is used as a central informa-
tion repository. The schema of the database is defined by the PDM. The core concepits of the PDM
are product and manufacturing related aspects. The former one encompasses information about
the product structure, as well as information about required resources and operations. It comprises
cerfain types, such as part, assembly, component, product and design entify. The lafter one is
the core element of the PDM. It represents a physical object that safisfies a set of requirements.
It possesses specifications, actuals and definitions. The definition type describes physical aspects
(geometry, dimensions, tolerances, surface, efc.), performed functions and functional structure.

The manufacturing related aspects of the PM comprise elements for defining the physical descrip-
fion of the cerfain entities and feasible process routes. Whereby, a PM comprises (operation),
manufacturing resource and geometrical changes of a design enfity. A special entity for capturing
manufacturing information is presented, namely, the manufacturing information. This class should
comprise information about the raw material, the number of operations, total manufacturing costs and
the time required fo perform the operations. An operation can have two relations, so called kind_of
relationships to manufacturing resources. The secondary resource link combines the operation with
resources, which are required to perform the Operation. Resources linked with the secondary re-
source link represent facilities that have to be available for the execution of the operation, e. g.,
fools.

Manufacturing Data Model  The MM represents information about the manufacturing system pre-
senting the types manufacturing processes, manufacturing resources, production tool, machine fool,
facility, station and cell. More specific types are cutter, furning center, efc.. The manufacturing
resources are part of the PM. These abstract entities are decomposed in the MM by particular
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resource instances. In other words, the MM describes specialisations of the type manufaciuring re-
source. Figure 2 depict the relafion of both models by directed arrows. PM operations, for instance,
refer to more specific manufacturing processes in the MM, e. g., external furning and growing.

A manufacturing enterprise is decomposed into four layers Factory, Shop, Cell and Station. Each
of them possesses its own level of abstraction in ferms of strategic decisions, operational rules and
performance. On the shop level, for instance, information are aggregated over certain shops, while
the station level provide information about specific machines. Industrial case studies are presented
in (MoBe@9; BoBHOT).

Summarising it can be said that the approach contributes to the infegration of fraditional separated
product and process data by providing conceptual data models. In doing so, two conceptual
models sharing corresponding concepts are introduced. However, the integration of MDM and
PDM is not explicitly described. It remains unclear if both model share common concepts and how
they reference each other. Figure 2 shows that MDM and PDM share the concept of manufacturing
resource but the operation is not part of the MDM, which uses the term processes for describing
operations. The decomposition of process and operation is not described in a comprehensible
manner. Furthermore, the dynamic modelling of processes is not addressed at all.

3.3 Enriched Multi-Process Modelling

Enriched Multi-Process Modelling (EIMPM] is aiming ot the combined application of EM, and in par-
ficular complementary simulation and workflow modelling. It is an approach enhancing CIMOSA
and emphasising the need for manufacturing-specific modelling concepts and transformations. The
approach is infroduced by the enferprise modelling group of the research institute for manufacturing
systems integration MSI®.

The underlying assessment is that CIMOSA ... lacks sufficient modelling concepts fo capture
time-dependent (dynamic) aftributes for an enterprise.” (ChVWe05, p. 115). The fransforming of
EM models (regarding process and resource] info simulation and workflow models is assessed as
a crucial issue of EM (RaWe05, p. 2]. Nevertheless, Chatha et al. assess the application of
common enferprise modelling approaches as a time consuming and high skill requiring tasks, which
would hamper the practical acceptance of EM approaches. In order to proof this assumption a
literature review has been done, comprising selected EM approaches, namely, CIMOSA, RPM,
IDEF3, IEM, (ChWeO5; ChAWOY). The conclusion is drawn that common EM approaches lack
“coherent sefs of process and resource systems”, as well as the ability of modelling dependencies
between “material, information, knowledge, control and exception flows.” ([ChAWO7Z, p. 114).
Unfortunately, the literature review in (ChatO3; ChAWO?) excluded ARIS without giving a reason.
Further EM approaches like SOM and MEMO were not mentioned at all (Fran@9; FelZ06; KircO7).

A further publication (RaVWeQ5) reports on an ongoing research project, named “Study of the
Interplay between Role Dynamics and Organisation Performance” [EPSRC). The goal of the project
is fo analyse and decompose the manufacturing enterprise processes and resources using an EM
approach. However, the constitutional project publication describes neither the transformation nor
the time-dependent properties in a comprehensible manner.

The EMPM approach enhances CIMOSA by specific modelling concepts and process mod-
els (ChatO3; ChAWOY). The process model infroduces seven phases:

1. Caplure as is situation, and in particular the dafa collection from engineering partners.

2. Create and validate as is process models.

®see http:/ /www.lboro.ac.uk/departments/mm/ research,/manufacturing-systems/, last time visited 22,/03 /2007
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3. Create and validate dynamic models. These models are developed by enhancing the previ-
ously developed models, i.e., insfance information, such as capacities.

4. Create static fo be processes.

5. Create and validate dynamic fo be processes by using scenarios and simulation techniques.
6. Modularising fo be process using organisation boundaries and roles.

7. Transformation of process models to workflow models.

A so called “semantically rich process specification language” is infroduced, which presents
concepts for Activity, Events, Information, Human/Physical Resource, Finance and External links. It
allows to describe parallel resource and contfrol flow by assigning resources fo processes. s es-
sential language concepts are outlined below, which are specified by textual descriptions (ChatO4;

ChAWO?7).

e resources: A resource possesses functional provisions, capability performance levels and
constraints.

— information resource: Depicted by a circle.
— material resource: Depicted by an ellipse.

— active resource: Depicted by a friangle; Performs actions in order to produce a good.
The types machines, humans and (software] applications are distinguished.

— passive resource: Depicted by an ellipse; Passive resource do not perform any actions.
they take the form of two types namely, processed-passive and used-passive resources.

e enferprise activity or business process: Such an element describes functional requirements,
performance requirements and constraints.

e Manual Enterprise Activity: Depicted by a rectangle; Operations and decision are carried
out manually.

e Automated Enterprise Activity: Depicted by a rectangle; Operations and decision are carried
out automatically with litle human involvement.

e connecfors:
— resource fransfer: Depicted by a dashed arrow.

— resource fransformation: Depicted by an arrow.

In summary it can be said that EMPM is a promising approach for modelling manufacturing
systems taking the need for domain-specific concepts and operationalisability info account.  Sev-
eral language concepts are intfroduced, as well as a process model for generating simulation and
workflow models. The importance of time-dependent aspects for modelling manufacturing systems
is emphasised. Process decomposition is supported, as well as the description of start and end
events, so called Triggering/Completion Rules. Different process and resource types are distin-
guished. Resources can be assigned to processes. However, this assignment cannot be described
in a quantifative or qualitative manner, as intfroduced by Jung (JungO3; Jung06; JungO7). Business
concepts encompassing [T resources or business strategies are neglected. Business and manufactur-
ing processes are not differentiated explicitly. Beyond this, neither the presented language concepts
nor the transformations are specified comprehensibly.
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Figure 3: Structure of a Generic Process Platform (cf. JiHeO6, p. 31)

3.4 Generic Product and Process Structure

The data integration of traditional separated areas of product design and manufacturing process
is a cenfral theme of several articles published in manufacturing-journals, such as Hastings, Yeh
and Jico et al. (HaYe92; Yeh95; JiTMOO). Concepts are infroduced that should support managing
variety on the base of generic BilloFMaterials-and-Operations (BOMO). A BOMO describes the
dependencies between products and their production processes, i. e., to provide an integrated view
on BOM and manufacturing processes. The idea is to handle increasing product variety, caused
by mass customisation “with a coherent and effective mechanism.” (JiLPO7, 113).

Generic structures  The generic structures describe product and process types, so called families,
encompassing a sef of products respectively processes. They can be used as starting point or
blueprints for deriving particular variants,. They describe the constituent elements of product and
process types, as well as relationships within and between product and process structures.  The
relationships between a product structure (BOM), for instance particular material, and its relevant
processes is called Material Requirement Link [cf. Figure 3). A specific view, the Generic product
and Process Struciure (GPPS), integrates the two generic structures, namely, Generic Product Structure
(GPdS) and Generic Process Structure (GPcS). The former provides a template for deriving product
variants and the latter for specific process variants. A GPcS includes information about workcenters,
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cycle times and setups assigned fo each operafion. A workcenter combines different types of
machines or work stafions, to be used by particular processes.

Jico et al. present UML class diagrams to model the generic structures. Thereby, the levels of
abstraction between classes and instances are mixed within the models. The idea is to describe
product/process families (classes) and their family members/variants, which are modelled as in-
stances. Classes and insfances of the GPPS and the GPdS can be assigned to each other. This
allows to describe existing relationships/dependencies between product [elements) and processes.
In other words, a particulor BOM obiject (e. g., raw material, finished product] can be assigned
with specific process obijects (e. g., activity, machines or tools|. Instances are linked with its class by
Instance of relationships. They can be linked by specific associations, namely, select and specify
(cf. Figure 4. These types of associations are subsumed under the notion Selection Rules describ-
ing product constraints and Planning Rules describing process constraints. Such rules express that
two objects are either compatible (AND) or incompatible (XOR) e.g., a certain shape should not
be combined with a certain material or a cerfain type of paint. Shape, material and paint are
examples of instances of the generic product class Paramefer. Values, such as “round”, “steel”,
“red” represent instances of the class Parameter Value. If an instance has a XOR relationship to an
other instance on the same level”, both are not allowed to be assembled or machined to create the
upper (parent] item. The derivation of a particular variant is done by selecting predefined objects.
For example: A generic product structure defines the class Table Top. lis instance comprises the
assigned parameters “shape”, “material” and “painf” and values “round”, “steel” and “red”. The
following list outlines the presented classes for the representation of GPdS, as well as GPcS.

e Process
— Operation: A set of aggregated sequenced manufacturing steps.

— Material Handling system (MHS| used for material transporfation.

“Level in this context has to be understood as an level of an bill of material. The highest level is the root of the BOM.
The next levels encompasses further parts that have fo be assembled or machined to form the roof part.
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— Cycle time: Time from the sfart of the operation fo ifs end.
— Machine: A machine is a performing physical resource used by an operation.

— labor: Either a human or a robot carrying out a part of a particular operation using fools
and fixtures. Setup activities are included as well.

— Setup: Set of activities that has to be performed before the operation begins.
— Fixture: Auxiliary device of a machine or labour.

— Tool: Tool for executing an operation shared by a machine, as well as labour.

e Product

— ltem: Represents a physical product or a non-physical concept. An item can be an end
product, a part, raw material or an assembly at any arbitrary level.

— End product: A set of one ore more product variants at the root of the generic BOM.

— Assembly: An Assembly has at least two child parts, as well as other assemblies. They
are assembled together to form the end product.

— Part: A part is either produced in-house or purchased. It consists of at least one raw
material.

Raw material: A raw material variant is either produced or purchased.

— Parameter: Parameter of an item, which may have a set of values.
— Value: Represent an assignment of and value to an parameter.

— Parameter Value: Defines the relationship between an entity and its parameter.

Summarizing it can be said that Jiao ef al. present a concept for two classical separated areas,
namely, design and production. The authors mention that a typical product configuration would
involve thousands of products. This high variety increases the number of rules. The authors highlight
the importance of a graphical modelling language in order to handle the resulting complexity. It
is also sfated that the UML would be unsuitable for supporting the variant derivation process. This
dynamic modelling aspect should be a future research task. So far the UML would provide a
“solution for graphical user interfaces of production and process modelling” (JiHeO6, p. 24). It
has been sfated before that the application of the general purpose modelling language UML is
not satisfactory for modelling manufacturing systems. Indeed, the application of UML presents an
attempt to reduce complexity using conceptual modelling concepts. However, it has to be mentioned
that class diagrams are not appropriate in ferms of modelling dynamic aspects of manufacturing
enferprises.

3.5 MFert

A popular method for modelling manufacturing processes is the MFert (abbreviation for Modell der
Ferfigung) modelling method. “It enables a model-oriented construction of manufacturing control
systems” (DaKL97, p. 273]. The modelling is done by directed bipartite graphs, similar to Pefri
nefs. Additional manufacturing-specific concepts are infroduced, with the aim to support computer-
aided production planning and control. The original method has been enhanced by various con-
cepts (DaWi93; DaVWa@7): Kuhn, for instance, developed a set of reference models for the analysis
and design of PPC sysfems (Kuhn@7). Langemann infroduces concepts for assigning performance
metrics fo support analysis and evaluation of manufacturing systems (Lang@9). Schmidimann presents
a specification language for the production control (Schm99). Geck-Mige defines a language using
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Figure 5: Exemplary MFert Model (cf. Lang9?, p. 120)

static models in EXPRESS-G® to allow a conceptual modelling of information (GM99). A formal lan-
guage specification of the fundamental concepts can be found in (SchnQ6). A tool implementation,
named OOPUS is documented in (Holt97).

MFert claims to describe operable models for computer aided planning and control of manu-
facturing systems (GM99). A concrefe MFert model has to cover all relevant dafa for production
control systems. Two essential types of nodes are distinguished, the Operation (Transition) and Ele-
ment (Place). Figure 5 shows an example MFert model depicting an multi-part component, which
consists of module A and B, and component 4711. The welding operation is executed by an
Element, called welding robot. The element expresses that one particular element is in a certain
state, i.e., the static representation of material, resource or information. The term state refers to
relevant sfafes of resource. A fransportation resource, for instance, might have the stafes loaded
and unloaded. An Element can be an aggregate of further Element types. The aggregate is called
element_in_state_category. Product A, for instance, is assembled by component B and component
C, which represent the subcategories of A. The tokens represent the selected/produced elements.
Further concepts of the Element type are:

e fime constrainfs: Timescale representation of availability and non-availability.
e capacity: The type capacity_of_element represents the capacity provided by a certain element.

e events: Events allow the annotation of fime dafa fo elements, such as inventory increases or
decreases.

An operation represents a certain sfep of the production process. It describes certain input and
output elements, as well as a cerfain operation time. They can be aggregated to operation_category
or (operation_method_class).

e in-/output of operation: This type is used to describe the input and out in a quantitative manner.

e in-/output of operation class: This type is an aggregation of in/output operation types.

8ExpressG is a graphical modelling language using a subset of the data modelling language EXPRESS (more information
about Express (BeMS98)).
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e role of involved element: Each element plays an particular role, namely,: object, physical
mean, informational mean.

e durafion of operation: This type describes the durafion of an operafion.
e fime delay of in/output: This type describes the time between start and end of an operation.

e operation constraints: This type is used fo annotate capacity constraints, which could not be
assigned directly to a particular element.

In summary it can be said that the approach presents comprehensive modelling concepts taking
various aspects of manufacturing systems info account. It presents process models and various
language extensions, such as performance metrics. Nevertheless, due fo the origin in engineering
science the approach lacks business semantics. Beyond that, it is questionable that the provided
graphical notation is clear for stakeholders with non-engineering backgrounds.

3.6 OMEGA

OMEGA (Objekiorientierte Methode zur Geschdaftsprozessmodellierung und -analyse) is an object-
orienfed method for modelling and analysis of business processes. OMEGA provides objects that
are transformed by processes. Events provided by common business modelling languages, such as
ARISEPC or MEMO-OrgML, are not supported. An informal specification of the OMEGA method
can be found in (Fahr@5). Further publications apply OMEGA within manufacturing domain, fo inte-
grate product and process modelling (GaGPT97). A more recent publication infroduces OMEGA
for modelling product design processes (GaMOT04).

The user is supported by a modelling tool named OMEGAPrestige, which should support the
design of workflow management (VWfM| or engineering data management (EDM) systems. A process
model infroduces four phases: An analysis phase (1), a forecasting and goal definition phase (2),
a development of fo-be models phase (3) and an implementation phase (4). The latter phase is
encompasses three-steps. Firstly, the existing processes have to be modelled in close collaboration
with the end-user. Secondly, the derivation of the Processing Objects has to be done, which serve
as a starting point for designing product structures. Thirdly, workflow and data models have to be
derived in order fo support EDM or WIM systems. A task that has to be executed by an expert for
EDM or WIM systems.

OMEGA Language Concepts OMEGA supports the decomposition of the processes, as well as
the view concept. The former one is realised through aggregation relationships between the various
objects, which allows a consideration of the models on various levels of abstraction. Fahrwinkel
suggests building process aggregation levels in accordance to the levels of the organisational sfruc-
ture (Fahr@5). It is possible to define specific views by selecting or hiding particular elements. This
view configuration is supported by a specific query mechanism, which allows the combination or
hiding of model elements. Views on the models can be customised using a query language.

e Business Process: Processes are represented by arrow boxes. It has an incoming and an
outgoing processing object.

e Organisational Unit: This element is represented by an organisational unit, which is responsi-
ble for the process.

e Processing Objects

— [FObject: Information, Data, efc.
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— PaperObject: Notes, drawings, efc.
— Oral Information: Information that is not set out in writing

— MaterialObject: Raw-material, parts, end-products are taken as an example for this type
of object. Hierarchic decomposition is provided.

— Group of Information: Group of various processing objects.

e Other Objects

— External-Obijects: This element is used for all external objects, such as customers, suppli-
ers, efc.

— Communication-Relations: Linking business processes, fechnical resources and external
objects.

Summarising it can be said that OMEGA supports the decomposition of processes, as well as
the explicit exchange of objects. In contrast to other business process modelling languages (ARIS-
EPC, MEMO-OrgML, efc.) objects instead of events are used fo trigger processes (e. g., [FObjects,
Material-Obijects). This is feasible for modelling material flows of manufacturing systems. Never
theless, no particular case is documented that shows such material flow. Business processes and
manufacturing processes are not differentiated explicitly. In addition, the presented language con-
cepis (e. g., product, process) are not specified appropriafely.

3.7 Related Work

Petri Nets  Petri nefs [PN) allow the formal modelling (semantic and syntax) of dynamic discrete sys-
tems. They support the analysis of time and dynamic system relationships. Various publications dis-
cuss PN in the confext of manufacturing processes modelling (RuHo96; VernQ6; Zimm®7; ChPoO4).
The Deutsche Forschungsgemeinschaft (DFG) work group “Fuzzy-Petri-Netze” published a report
on modelling manufacturing systems using PN [DFG97). Nevertheless, PN show some disadvan-
fages: No infegration with static models, such as Entity-Relationship-Diagrams, is provided. This
lack of integration makes it difficult to describe the information requirements of enferprises, which
is a core characteristic of EM. In contrast to semiformal modelling languages PN lack seman-
fics, since the modelling has to be done by reconstructing Transitions and Places. Unexperienced
modellers or modellers with nonechnical backgrounds may struggle in understanding PN mod-

els (Fran94; Llang@9; ChPo04).

Variant Enterprise Modelling  VVortmann et al. present an approach titled “understanding enter-
prise modelling from product modelling” (WoHGO1). The comparison of enterprise modelling and
product modelling result in the insight that “the notion of versions and progeny, the idea of domains
and views, the notion of abstraction” show similarities (cf. WWoHGO1, p. 240). Itis pointed out that
variants are “not covered explicitly in enferprise modelling theory” (cf. WoHGO1, p. 241). Thus,
a generic concept for EM is infroduced in order to support parametrised enterprise modelling. Up
fo now, no further publications could be found that would allow a detfailed discussion.
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Figure 6: Summary of the Literature Review
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4 Manufacturing-Specific Modelling Concepts

The aim of our research is designing a manufacturing-specific modelling method. This aim is based
on the perception that existing modelling approaches are only suitable to a limited extent, since they
do not cover specific concepts appropriately. Thus, the section at hand presents modelling concepts
that should be used to extend an existing EM approach, namely, multi-perspective enterprise mo-
delling (MEMO) (Fran@4). This enables refaining wellproven modelling concepts specified within
the MEMO framework. A perspective in this confext is a methodically reconstruction of a profes-
sional view on an enterprise, e. g., managerial, fechnical, dynamic and static. Complexity can be
reduced by offering specific views hiding - for particular stakeholders - unnecessary information.

4.1 The MEMO-Framework

MEMO is a modelling method “that offers a sef of specialised visual modelling languages together
with a process model, as well as techniques and heuristics to support problem specific analysis and
design.” (cf. Fran99, p. 5). A multiperspective enferprise model consists of various models of o
corporate information system (e. g., class diagram, message flow diagram] and of the action system
it serves fo support [e. g., business process model). These models are integrated in order to fosfer
collaboration of stakeholders with different professional backgrounds and corresponding technical
languages, and to contribute to the infegrity of the overall enferprise model.

MEMO allows to adapt and infegrate modelling concepts comfortably by a dedicated language
architecture (Fran@8; Fran99). This architecture provides the infegration of modelling language
on a high semantic level. It comprises four levels of abstraction: Meta-Meta, Metfa, Type and In-
stance. MEMO languages are specified by the same Meta-meta-modelling language, i.e., they
are instances of the Meta-Meta-model (Mefa-Meta-level). On Meta-level the different modelling lan-
guages are specified by instantiating the meta-meta language. They can be integrated by common
concepts, as well as relationships between each other. The modelling languages are applied on
typelevel, i.e., the parficular models designed by the certain language (e. g., object model). The
MEMO language architecture supports the infegrated usage of different language elements in one
model (Fran99). So far, the MEMO framework has been extended by several modelling language
addressing specific aspects of enterprises, such as strategy, [Tandscapes, and resources. Within
the paper at hand, two particular languages (i.e., OrgML, ResML] are extended, since they al-
ready provide basic concepts for modelling manufacturing processes. Figure 7 shows the MEMO
architecture and highlights the two selected languages.

e MEMO-OrgML - Organisation Modelling Language: This modelling language is focused on
the operational and organisational structure of enterprises. The latter can be described by
dedicated modelling concepts. Event based modelling concepts are infroduced to describe
the operational structure. These concepts (mainly process and event types| should be extended
by dedicated manufacturing concepts.

o MEMO-SML - Strategy Modelling language: A modelling language for the description of
business sirategy. The core mean of representation is the strategy network.

e MEMO-ResML - Resource Modelling Language: The ResML has been originally developed
in the confext of business process modelling. Therefore, concepits for extending the ResML are
required to provide its domain-specific applicability for the manufacturing domain (cf. Section

4.2).
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Figure 7: Infegration of MEMO languages (cf. KircO7, p. 35)

e MEMO-OML - Object Modelling Language: This language can be used to design object-
models similar to the UML. Common concepts like class, affribute, association, etc. are
provided.

e MEMOHTML - Information Technology Modelling language: This language allows the mo-
delling of Mandscapes, which encompasses software engineering and hardware-specific
concepts (Scanner, Printer, Data, or License).

4.2 language Concepts

In this secfion we present a mefa-model representing manufacturing-specific language concepts
qualified for extending two MEMO modelling languages, namely, MEMO-OrgML and MEMO-
ResML. A meta-model restricts the usage and - in part - the semantics of the language. It serves as
a starting point for the implementation of a dedicated modelling toal.

4.2.1 Process Related Concepts

A manufacturing system fransforms a given input (sef of resources) to a specified output. Normally,
such a transformation requires several process steps (also called activities or operations). A process
usually requires at least one Resource to fransform a Good from one state to a sfate of further
completfion. Physical and Human resources are applied during this transformation. Thus, each
process requires resources, which are occupied or consumed. Jung introduces concepts for the
description of quantitative or qualitative resource allocations (Jung03; Jung06; JungO7). These
concepts have been extended by manufacturing-specific concepits (cf. Figure 8.

Process The central concept of the process meta-model extraction is the Process. A Process allows
fo describe all relevant activities on the shop floor, as well as manufacturing processes that are
not executed by the enterprise itself. The aggregation of processes is provided by the association
comprises. The definition of aggregated process types can be depicted with a specific symbol in
a decomposition diagram. A Process provides six properties:

e id: This property provides an unique identifier.
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e name: label for naming the process.
e description: This atfribute allows sforing a description of the process.

e joinCondition: This atfribute is used to define the join condition of this type. lts default value is
the sequence flow, which expresses that the process has one predecessor only. If a process
has more than one predecessor, the condition attribute has to be either exclusive XOR or merge

AND.

e splitCondition: This attribute is used to define the split condition of this type. It offers three
different values: The Sequence that describes the link to one successor process. If a process
has more than one successors, the condition attribute has to be either exclusive XOR or merge

AND.

e oulput: This affribute is used to assign one or more output ifems. The outputs item type is the Ab-
stractltem. Note, the concept of input (goods) is relevant for manufacturing process executed
on the shop floor, only. Sub-contracted processes have an monetarily input (costs), which is of
minor relevance for the paper af hand. Thus, the process type ExtendedBusinessProcessType
does not possess an input.

The provided Process types are ManufacturingProcess and ExtendedBusinessProcess (business
processes, e.g., purchase or external manufacturing processes executed by a external partner).
Their major difference is the requirement of infernal resources, i.e., an external process does not
consume internal manufacturing resources. In doing so, in-house and cross company processes are
distinguished. They represent fundamental decisions made within a product life cycle (cf. Wilu02,
p.7). This decision might depends on the current state (utilisation) of the manufacturing system.

Manufacturing Process  The ManufacturingProcess type represents transformation process. It con-
sumes and produces Abstractltem types. The resources can be allocated directly or as a set of sub-
stitutional resource allocations. The latter describes a selection of different substitutional resources.
They may differ in terms of their processing time. A ManufacturingProcess has to have a responsible
OrganisationalUnit. The provided property is the input. This atfribute is used to assign one or more
items, which are fransformed to an output. The laffer can be modelled by the inherited affribute
output.

General Business Process  The GeneralBusinessProcessType represents the inferface to the BP mo-
delling language. It is associated to the ExtendedBusinessProcessType to express the relationship
between both worlds. The design decision is motivated by the sub-system character of manufacturing
systems. This means that manufacturing processes can frigger or can be friggered by surrounding
business processes, such as purchase, invoicing, shipment processes. As introduced in an foregoing
section, a manufacturing system is a sub-system of the overall system Enferprise, which is strongly
related fo ifs environment by further sub-systems, e. g., finance, markefing, sales, efc. (cf. CorsOO,
pp. 2f.). Therefore, the communication with its environment is usually not done by ifself, i. e., other
sub-systems are in charge of customers and suppliers (cf. Figure 1). It is recommended to describe
these surrounding processes by business process languages.

Extended Business Process type The ExfendedBusinessProcessType is a subtype of Process. The
description of material flows between various processes is supported by the input and the inherited
output attributes. The difference to the ManufacturingProcess is that it does not consume any infernal
resources. It is specialised into the types CollaborationProcess and ExternalProcess.
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The CollaborationProcess is executed by an pariner in a supply chain or a network. The re-
sponsibility is shared between the enterprise and the executing partner. Therefore, an responsible
OrganisationalUnit has to be assigned. The ExfernalProcess is executed by an external partner.
This partner is in charge fo perform a specific service. Thus, the responsibility for the execution of
the process is up fo the him. This is usually stipulated in a contract document. A PartnerAllocation is
provided, which allows the annotation of partners that might perform the same service.

Partner Allocation The ParinerAllocation is a subtype of ManufacturingAllocation, which is an
element of the ResML. It provides two subtypes, namely, the DirectPartnerAllocation and the Sub-
stitutionalPartnerAllocation.  The former one allows allocating partners directly to a process. This
implicates that no further partner is known that is able to execute the process. The SubstitutionalPart-
nerAllocation type provides a set of DirectExternalAllocation types. These types may differ in terms
of its process parameters:

e costs: This property is used o annotate the costs of the sub-contraction.

e duration: This atfribute is used fo sfore the time that is required to produce a particular output.
This marks the period from the process start fo the point when the output is available for
SUCCESSOr Processes.

Partner A Pariner type subsumes all external partners that are able to perform or deliver goods.
Partners might be sub-contractors within a supply-chain or an enferprise network. lis properties are:

e id: This property provides an unique identifier.
e name: label for naming the external partner.

e description: This affribute provides a description of the partner.

Transition The type Transition represents the link between two processes. Thereby, two different
roles are distinguished, namely, source and farget. A process can be source, target or both. The
latter case is used to describe recursions, which requires a break condition. The type affributes are:

e name: label for naming the fransition.

e description: This attribute allows describing the transition.

Organisational Unit  OrganisationalUnit is a common modelling concept, especially in the context
of business process modelling. Its core function is to describe the structure of the organisation and
fo obtain responsibilities.

e name: Label for naming the transition.

e description: This aftribute allows to store a description of the organisational unit.

Property The Properfy type is a general element fo allow the modelling of further affributes. It
encompass the properfyName and the its properfyValue. Properties can be individually specified
for Process, ExternalPartner and Abstractltem types.
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4.2.2 Product Related Concepts

In our understanding a product is any good produced for sale. Any lfem can be sellable, conse-
quently it can be a product with productspecific attributes, e. g., price. Products can consist of parts
that may be other products or parts. Products and items possess a structure that describes their build,
commonly called BOM. A BOM can consist of Product, Compositeltem, and Elementaryltem.

Abstractltem  The Absiraciltem serves for describing the output of processes, as well as the input
of ManufacturingProcesses. It encompasses all elements usually depicted in a BOM. Abstractliem
and ifs subtypes provide a basis for modelling BOM. The attributes of Abstractliem are:

e id: This property provides an unique identifier.
e name: label for naming the type.
e description: This atfribute provides describing the item.
Product A Product is usually but not necessarily the root of @ BOM. A Product type is mainly

characterised by its attribute Price. It possess an oneto-one relationship to the lfem type in order to
describe the product's structure.

e valve: The calculated price of an certain product type.
e pricelUnit: The unit of the price.

e priceDeterminationMethod: This affribute describes the method of price calculation, which
might change from product to product. The method is defined by the type Determination-
Method.

e minimumPrice: This affribute is frue if the price is a minimum (production) price. Thus, the sales
prices should not fall short of its value.

ProductltemQuantification A Product can consist of one ore more Item types. The type Produc-
fitemQuantification describes the amount of items required to build a particular product. This type
provides the affributes:

e quantity: This affribute stores the quantity of items.
e quantityUnit: The quantification unit may change from indusiry to indusiry or from enterprise

fo enterprise.

ProductFamily A ProductFamily can be assigned to a Product. This allows to describe product
variants. As a ProductFamily type combines various similar product types, it necessitates a generic
BOM structure combining the various similar product types and their parameters.

e name: label for naming the type.

e description: This affribute allows fo store a textual description of the product family.
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Parameter and ParameterValue To provide the ability of modelling generic BOM, the BOM ele-
ments have fo be able to define sefs of parameters and its values. The parameters can be defined
by the type Parameter and its particular ParameterValue. The former one provides the afiribute pa-
rameterName. The laffer one provides the atiribute parameterValue. The definition of more than
one ParameterValues is optional fo describe the generic item structures, which may have more than
one parameters. This allows a rudimentary description of generic BOM.

ltem The type lfem can be used fo describe process in- and outputs (cf. Figure @). It can be
specialised into the types Elementaryltem and Compositeltem. The latter one can either represent
an assembly, an infermediate or a part. If it consists of other lfems, the Compositeltem holds an
ltemCompositeQuantification that expresses the quantification of the ingoing lower level ifems. An
Elementaryltem is a raw-material, which does not consists of other items. Raw material has to be
purchased af least from one ExternalPartner.

Abstractltem
-id : String
-name : String
-description : String
-outsourceable : bool

JAN ItemFeature
-featureName : String

-featureValue : Char
L. has » »featureDescrllpnon . String
Product ProductltemQuantification -
orice - Price -quantity : Decimal 0.*
P ’ 1 1.* |-quantityUnit : String
*
assig wedlt'c'l
1 *
1 1.
ProductFamily 1 0.1 — P
- | - ItemCompositionQuantification
-name : String tem — :
-description : String -quant!ty : l:?ecume}l
AN -composite -quantityUnit : String
-composite 1.*
ElementaryPart CompositePart
>———————

Figure 9: Material and Product Meta-model

ltemCompositionQuantification A CompositePart consists of a specific amount of other Item types.
This relationship of items is described by the type lflemCompositionQuantification. The provided
aftributes are:

e quantity: This affribute sfores the quantity of ingoing ifems.

e quantityUnit: This aftribute allows to annotate the unit of the quantity.

Elementaryltem  Elementaryltem types represent atomic lfem types, i. e., they do not consist of other
ltem types. They are usually labelled as raw material, what means that they a normally delivered
by ExternalPartner(s).
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Compositellem The Compositeltem can either represent an assembly, an intermediate, or a part.
If it consists of other ltems, the Compositeltem holds an ltemCompositeQuantification. A llemCom-
positeQuantification describes the quantification of the ingoing lower level items.

DeterminationMethod  The provided methods for price determination are defined as its subtypes.
The provided attributes are:

e name: Name of the determination method.

e description: The description of the determination method.
The sub-types are:

e Fstimation: Estimated value defermination.

e Calculation: The value is calculated.

e Predetermined: The value is predetermined.

e Measured: The value is measured.

4.2.3 Resource Related Concepts

As an integral characteristic every manufacturing process uses resources for the fransformation of
goods. Processes and their relationships describe what has to be done. Resources assigned to
processes specify who has to work on the process and what is needed. Resources are usually not
available in an unlimited manner (PolO99). Hence, scarce resources have to be taken into account
for modelling, analysing, and optimising manufacturing processes.

The ResML is a language for modelling resources in the context of business process modelling.
It consists of different resource types, resource relationships, as well as the concept of resource
allocation assigning resources fo business processes. Resource types comprise human, physical,
and intangible resources. The latter ones are specialised to software, information, pafent and
beneficial inferest. Physical resources are data media, machinery, fransportation resources, as well
as computing and communication devices. The main concepts of the ResML used in the approach
presented in the paper at hand are shown in Figure 10.

Resource types A human resource is usually characterised by its skills. \We differentiate between
skills and soft skills. Both have a name and a description in natural language.  Skills usually are
capabilities, which can be learned in a course or fraining (e. g., foreign language, programming
language, modelling language, mathematics, and welding). Skills are offen documented by a
cerfificate. In contrast to that, soft skills can hardly be proved by an official document. A soft skill is
rather given by a distinguishing quality of a person (e. g., convincingness).

The resource type machinery is mainly described by its capacity specification. Such a specifi-
cation distinguishes between a minimal, optimal, and a maximal capacity. The maximal capacity
generally represents the upper limit of a machine, which must not be exceeded. The minimal ca-
pacity is the machine's lower limit. Producing at a lower rafe (quantity per time unit] is not possible.
The optimal capacity reflects an optimal quantity-time-ration from an economic point of view.

Both resource types are subfypes of ElementaryResource, which in turn is a subtype of the
AbstractResource fype. Affribufes inherited from AbstractResource are name and description.
The first one denofes an unique name for a resource type; the latter one is a textual description of
it. A potential unit of allocation is defined within ElementaryResource. This affributes refers to a
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typical allocation unit of a resource type. Human resources are typically allocated on a time base
[e. g., hours worked on a project] and the consumption of goods on a quantity basis (e. g., quantity
per item produced). Such an allocation unit does not have to be valid for all resources of a given
type. However, it represents a typical allocation unit, which has to be applicable for most resource
instances of that type.

Resource Allocation Resources are needed for the execution of business and manufacturing pro-
cesses. However, the quantification of a resource's share regarding a process' execution depends
on both, the process, as well as the resource assigned fo it. Different resource types allocated to one
single process might result in disfincfive allocations and a given resource might affect the execution
of different process types. A vineyard can, for example, be reaped faster using harvesting machine
instead of people. But, a human resource is better suited for identifying grapes of good quality.
Hence, the concept of allocation is used for modelling the usage of a resource during the execution
of a given process.

Manufacturing processes are allocated to resources using human or manufacturing resource allo-
cation. Either resource type is represented by a corresponding allocation type. Both types (human
and manufacturing resources) defermine the general availability of a resource type (availability
defined in types HumanResourceAllocation and ManufacturingResourceAllocation). The
description of manufacturing resource's allocation additionally requires the specification of different
kinds of processing fimes?:

e The fransportation time represents the time required for moving a single product from one
machine to another.

e The time required for sefting up a machine for a specific product is called setup time.

e The plain time required for processing an item is called run time. It does not include any time
for setting up a machine or transferring goods fo another machine.

e Sometimes, goods produced in a single sfep have fo rest for a given time, which is called

idle time.

The partial meta-model for allocating resources to manufacturing processes is shown in Figures 10
and 8. The allocation of manufacturing machinery is described using the affribute processingTime
as given above. Hence, the type ProcessingTime encapsulates transportation, setup, idle and
run time. Furthermore, the allocation of both, human and machine resources is determined by their
availability.  The general availability of such resources is documented using respective affributes
(availability) in the resource allocation model.

4.3 Using Reference Models for Manufacturing Process Configuration

As explained in Secfion 3, the manufacturing domain s insufficiently supported by enterprise mo-
delling approaches. Hence, the approach presented in the paper at hand aims at modelling,
oplimising, and implementing manufacturing processes in the context of enterprise modelling. It
therefore distinguishes between business and manufacturing process models. A manufacturing pro-
cess model is embedded in a business processes model. The latter one is part of an enferprise
model and explicitly supports the achievement of an enferprise's goals. An embedded manufac-
furing process focuses on the production of goods and its goal is determined by the surrounding
business process' goal.

“Those kinds of time data usually varies between different products and production plans.  Hence, absolute fimes
represent typical values
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4.3.1 Overview on Manufacturing Process Configuration

As manufacturing experts are usually not familiar with enterprise models, a corresponding approach
should meet their needs by providing adequate concepits for a rapid - and at the same time correct -
modelling of manufacturing processes. This requirement is achieved by providing a domain-specific
manufacturing modelling language (cf. Section 4.2) and elaborate generic models. An overview
on the generic models used within our approach is given in the upper part of Figure 11. For every
product family exists a generic BOM, as well as an associated manufacturing process reference
model. Such a process model describes the manufacturing tasks needed for the production of a
product family on an abstract level. This model has to be refined for any concrete product belonging
fo the corresponding product family. Analogously, the generic BOM specifies the structure of a
product on an abstract level. Deriving concrefe models from generic BOM and manufacturing
process reference models works as follows:

1. Select a generic BOM representing the product family of a given product. This generic BOM
has to be instantiated in the following way:

e Properties of a BOM part specified by attributes, represented by name-type-pairs. Hence
every atiribute has a locally unique name and a type.

e There is a range for possible values of a property (e.g., length between 25 and 35
centimetres).

e For every property, a value safisfying the property's type and range has to be defined.
This task is represented by Specify Values in Figure 11.

2. Every product family is associated with a corresponding manufacturing process reference
model. Such a reference model describes the process needed for the production of such
a product on an abstract level. It has to be configured with respect fo the production of a
concrefe product. Hence, additional processes have to be infroduced, which are unique fo
the manufacturing process of one single product. However, the concrete part's structure has
fo fit the one of the generic part. This task is represented by Selection and Configuration in
Figure 11.

3. Typical resources for the execution, given manufacturing processes are allocated fo the man-
ufacturing process reference models. Throughout the configuration of a reference model (as
described in Figure 11), concrefe resource's allocations have to be refined on the basis on
the reference manufacturing process models.

4.3.2 General Manufacturing Process Configuration

The approach presented in the paper at hand addresses a domain, which usually does not use
enferprise models for analysis and planning purposes. Hence, our approach broadens the usaoge
of models within the manufacturing domain by integrating enterprise models and manufacturing
process models. The models used for the determination of concrefe manufacturing process models
consist of the following parts:

e A generic BOM reflects the typical structure of all products representing a given family. Proper-
fies in the generic BOM are given on a typelevel (affributes represented by name-type-pairs).
Every atiribute specifies the type of a - named - property and its range might be restricted.
The length of a part might for example be restricted to a range between 5 and 8 meters.
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Figure 11: Usage of Generic Models for Manufacturing Process Modelling
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e Reference process models assigned to product families represent typical manufacturing pro-
cesses for concrefe products belonging fo the given family. However, there are many differ
ences in processes for the production of concrete products. Hence, every reference process
model has to be adapted fo a concrete product's manufacturing process model.

e Reference manufacturing process models usually refer to resources, which can be utilised
or consumed. The different abstraction levels are depicted in Figure 11. Resources are
generally allocated to reference models (Abstract Resource Allocation (Default Values)). Such
an allocation can be refined during the configuration of manufacturing process reference
models. Default allocation specifications and alternative resources are restricted to concrete
resources (Redefine Values in Figure 11).

4.3.3 Example Application of the Approach

We aim at providing different reference models so that concrete models of products can be derived
in o comfortable manner. A typical scenario within this context is characterised as follows:

e A manufacturing planning and management system contains several reference models, each
representing a single product family.

e Affer the arrival of a new inquiry for a specific product, the production manager acts as
follows:

— Select a product family representing the product
— Configure the reference models with respect to the values of the concrete product

— Release the configured model to the production planning system and defermine concrete
product times

e If the product can be produced within the given manufacturing process, the order can be
accepted. Otherwise it is declined.

Every order accepted is transferred to the production planning an manufacturing system. This
comprises all information regarding the client, the product type and product itself. Product information
consists of a bill of material (BOM\), the control flow of an items manufacturing process, as well as
required resources.

Reference Model Derivation within Manufacturing  VWe recommend that a generic BOM, a refer-
ence process model representing a typical control flow, as well as a prototypical resource allocation
is assigned to each product family. The configuration of a new order relating to product families is
shown in Figure 11. The procedure is as follows. After selecting a product family, the user has fo
refine the according models. A generic BOM consists of kinds of values associated with a product.
The user has to provide concrefe values in order to generate a concrete BOM. A generic BOM, for
instance, specifies physical length and width for a certain product. during the configuration concrete
values for length and width have to be attached to describe a particular product. Beyond that, the
confrol flow and the resources of the abstract process model have to be refined.

4.4 Language Transformations

Manufacturing models usually show a set of instance-oriented models, e.g., scheduling models.
Therefore, a draft approach of a transformation is infroduced in the sectfion at hand. This transforma-
tion bridges the infended gap between conceptual process models and instance oriented scheduling
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models. Figure 12 shows the core elements required for the transformation. The dashed arrow rep-
resents the requirement of infegrafion between the enterprise model types and the information held
by the information system on the operational level (Operational System).

Manufacturing Model L ARERERTISTCIIIRRILS ™ Operational System

Scheduling Input Generator

A 4

Scheduling Model

Figure 12: Transformation of Conceptual Models

The aimed model is a scheduling model for optimising the production plan for a given time
period. The solver is able to handle alternative process flows and alternative resources. Both
modelled on conceptual level as exclusive process flows and substitutional resources. The conceptual
manufacturing process model is the base for the generation of the solver input. As type information is
included only, a Scheduling Input Generator is in charge of combining the conceptual models with
the instance data. This data is taken from the Operational System. Table 1 shows the information
provided by the particular source. It encompasses further concepts that are out of scope of the
work at hand. Future research tasks will examine additional applications and inferfaces in order to
support further manufacturing models.

| Manufacturing Model | Operational System ‘
Process models (processing fimes)
Product types Orders and amount of particular products
Allocated resource types Resource insfances (e. g., Machines, Humans)

Table 1: Manufacturing Model vs. Operational System



5 Case Study

The approach presented within this paper has been applied to the business processes of an en-
ferprise dealing with the construction and manufacturing of hydraulic cylinders. This firm produces
individual cylinders basing on its customer's requirements.  Cylinders usually vary in length, width
and the position of valves. There are some prototypical cylinder types, each representing one single
product family. Such a family corresponds to a prototypical design (i. e., single or double-acting
cylinders) each being specialised by individual requirements. The case study firm employs about
40 people - mainly shop floor operators.

5.1 Requirements

Capturing and describing manufacturing processes should be supported by an according modelling
fool, which can provide automated model mainfenance, validation, analyses and transformation.
This includes the identification of manufacturing processes, as well as their formal definition. How-
ever, the effort for building production process models should be leveraged as much as possible.
Core competencies of manufacturing firms are situated in the execution of manufacturing processes.
Hence, the approach presented within the paper at hand basses on reference models. Every refer-
ence model reflects the activities needed for the production of a part family. A part family represents
a set of similar products, which can be produced by a given generic manufacturing process. Con-
crefe requirements on the tool support for manufacturing planning and optimisation are given as
follows:

Usability The tool should be usable by people without elaborate modelling skills. Many domain
experts are skilled with respect to their application domain. However, they usually have no
modelling experience. Hence, the modelling language should contain concepts, which are
common fo manufacturing people.

Reusability Modelling usually demands (scarce] resources. Consequently, a tool for modelling
manufacturing processes should allow for reusing (parts of) models in different contexts. Ref-
erence models are a common abstraction for reusing knowledge within a given domain.

Optimisation Goal of our approach is the support of optimisation of manufacturing processes.
Since optimisation is not an inherent part of our tool, it should allow for the generation of @
representation, which can be used as an input for optimisation tools.

Basing on the concepts presented in Section 4.3, we aimed at developing a modelling tool sup-
porting the following procedure: After the arrival of a new customer order, the production manager
selects an according part family out of a repository. This repository has been created during o
preliminary customisation phase. The production manager then adjusts the reference model to the
product ordered by the customer, as he insert concrete values and selects appropriate resources.
The control flow of the process model can additionally be adapted in a limited manner. Finally, @
fextual representation can be generated as an input for an optimisation tool.

5.2 Determination of Reference Models

Reference models have been designed in close collaboration of several representatives from the
cylinder manufacturing firm and researchers from different fields. Research fields covered are manu-
facturing, constraint programming, enterprise modelling, computer science, and information systems.
In the course of the workshop the manufacturing plant has been presented to all participants, as well
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Figure 13: Drawing of the Manufacturing Plant

as the already used information systems. An outline of the manufacturing plant is given in Figure 13.
In a conclusive session, two major cylinder types have been identified; the so called Double Acting
Skived and Burnished cylinder (2ASkived) and the Double Acting Smooth Bore cylinder (2ASmooth),
both based on the double acfing cylinder (cf. Figure 14).

A reference model covering general aspects of both kinds of cylinders is given in Figure 15.
Every cylinder mainly consists of a tube, a rod, and additional parts (represented by a kif). Those
parts (like valves and glands) are welded to the tube and the rod. Both parts (tube and rod) are
assembled afferward. Subsequently, the entire product is cleaned and optionally painted. Reference
process models covering all manufacturing steps (including quality assurance and delivery) have
been created in the context of the project.

Additionally an exchange format has be defined in order to support optimisation models, namely,

an ILOG' (BaCS07).

5.3 Modelling Tool

A modelling tool has been developed based on the concepts described in Section 4.3, the require-
ments given in Section 5.1, and the reference models mentioned in Section 5.2. We used the

Eclipse platform as an implementation basis, as well as several Eclipse-based frameworks. One
of these frameworks is the Graphical Modeling Framework (GMF), which supports the creation

191Ll0G is an popular software developer for optimisation solutions, more information http:/ /www.ilog.com/, last time
visited: 27.10.2007
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Figure 14: Double Acting Cylinder (http://cast.csufresno.edu, last time visited: 03.01.2008)

of graphical modelling tools. It therefore uses two other frameworks out of the Eclipse-context:
The Eclipse Modelling Framework (EMF) allows for the definition of concepts using a graphical
modelling language and the Graphical Editor Frameworks (GEF) provides concepts for defining
two-dimensional graphical objects and editors. Despite the fact that the EMF is often used within the
context of the development of modelling tools, its application is not only restricted to the description
of meta-models.

The modelling tool for the case-study firm has been developed as an EclipsePlugin. A plug-inis a
software module offering a standardised inferface and can therefore be integrated into the Eclipse
platform. The tool allows the selection of a reference model on the basis of a part family. Figure 16
shows a screen-shot of the process model editor allowing the manipulation of concrete diagrams
derived from reference process models. The modelling of product families, and sub-contractors, as
well as resources and their allocation can be done using a textual editor (cf. Figure 19). The models
created with the modelling tool can be used for the optimisation of the corresponding manufacturing
processes. VWe provide an interchange format, which can be imported by two different optimisation
fools.  This format is based on a XMLDTD covering information from the manufocturing process
models, as well as instance information required by the optfimisation tools.

Generally, the tool supports three different diagram types:

Process Diagram A Process Diagram represents (elementary) processes building a process, as well
as the control flow between them. An example is given in Figure 15. Beside processes and
confrol flows, a process model might also contain evenfs.

Process Decomposition Diagram A Process Decomposition Diagram describes the composition of
aggregated processes on the basis of other processes. An example for a process decom-
position is given in Figure 17. A manufacturing process is decomposed info the design and
production of a cylinder, as well as administrative processes like accepting and processing a
cusfomer order.

Organisational Chart  An organisational charts reflects the structure of an organisation. The organ-
isational structure of the case study firm is presented in Figure 18. The managing director
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Figure 15: General Reference Model Regarding Cylinder Production

is the supervisor of the purchasing, sales and production department. He is assisted by the
finance department an additional administrative sfaff. The production department is headed
by a production manager who is in charge of supervising a designer and several cell leaders.
A cell leader is responsible for one given production cell (cf. Figure 13).

BOM Diagram The bill of material is modelled using a treelike structure. Such a structure reflects
the composition of a product/component by other items. A generic BOM has been created

for each part family.

45

%

Ready for
Welding



Fils Edt Nedgsts Seach Projsct Digram Fun Window Help

e $-0-Q- B~ ™5 - e & e
i —~| @ 3= B g - -
m b 2aS1 bom_dhagram W Crgaburrade cegarmation d... Wl ZASmocth process_dagran o BASmocth process_dugram 1] 51 O
= T - Palette ¥
Ey St
=, Joom
=* Nobe -
- Proguction Process
& Sub Conbrack
f—— J——
& Urapeched
a. b. @ 4 Transbon Link.
= e [T
o m—— SErE TR Ty
- 7 b e
en AP presy sy
—
—— o o o
i S e .
— € »
B Outin HigN =0 - e
— Probiors | Lvador Declaraton | [ Propmten 10 | o
A
Cers & Produc tion Process pick and ot
Proparty Vakse -
Chid Procmsass 4 Prochactior Prestes pack. 0o, Prochacton Proceid ouf rid, Produstion Prodess .
L] g2
aal Porty
Figure 16: Modelling Tool - Process Diagram
<Burnside>
-0-
Manufacturing
<> <> <> <Burnside>
-1- -2- -3- 4.
Design Accept Order Process Order Produce Cylinder
< <Cell 1-3> <Assembly> <Assembly> <Burnside>
-41- -42- -43- -44- -45-
Collecting and Weld Parts Assemble Past assembly Past Production
Sawing Cylinder

Figure 17: Exemplary Process Decomposition



Managing

Director
Administration Finance (Accounts
staff and Salaries)
Purchasing Sales Production
Production
Manager
I
Cell Leader Designer
Operator

Figure 18: Organisational Chart of the Case Study Firm

File Edk Navigste Seach Propt Rum

Allccation Edtor  Window  Help
©-0-Q- HFG- M5 B o E11§)
) Project Explores 11 T ke 2a51 bom_dagram | Crgafirremde orgarmston_dagam ol 2asmaoth process_dagram et =]
= | Russcuron Sat
= b DAdmooth Referercs Model o = 4 Adoceton Model JASmoothaliorstone. -~
& > povg A Dwect Renource ilioston Dusesy
i ShSemouith allodatn e Dwect Begource o ation Bod Latfe Wi
LRSEEh. priei A Dwact Bestarce Alesatea Tube Latfe WO
o Wl 2nserooth process, dagram 4 Deect Pesource Alocstion Aspy WE
= [ DaGmoothPe ol A Dwact Bestroe ddios st Curteg WO
5 & e A Dinct Resourcn Ao ston Farirg aed Padieg W
3 & bovs 4 Dwect Fesorie Alooshon Pick Wekdng Kt Wi
PN ST griaet # Dwect Besounce Al ation Pk Aesy 1 W
a ) PIOCIST process_dagram = 4 Substibutionsl Resourie Alocaton Fobat Marual Welder
= &5 PIOZISE & Dwect Resouroe Alocstion Fobot Wikl
= 5 BOMS +*
Tak o & Dwect Resource Ao stion Werkes
& B 2451 bom_dagram 4 Dwect Resource blocston ssy Cel
PG50 prooem A Dwect Bepource Allosstion Machrng Cerier
& dl 102158 peocess_dagram 4 Dwact Resource RBocston Tesng
&ty & Dwect Besource Aocation ErdPort Weldng
= it B Mol w b Ellf o frencard e T Mol R it
b
: rm- Selection Parert Lt Tres Table Tres sith Coled
B Guttns 10 =0 —_ - =
Probiev Jovadol  Declaration | LD Progetes. 0|.# =
* o platform fresource/TkGmooth wI0R ol —
e plattommm Jroscrcofmschhodolioan, | Froperty ok -
Alox ol S0 P& Durabon
Al sty Lk 12 mn
Bloc atien Value S0
Do L |
Phaire Vi b Wsidier -
€ ¥ & ¥
e ) i mmwmmmwm

Figure 19: Modelling Tool - Resource Allocation Table

47



6 Conclusion and Future Research

The report at hand infroduces a multiperspective enterprise modelling method aiming at modelling
manufacturing systems. It is mofivated by the perception that a model-driven approach and in
particular multi-perspective enterprise modelling, is a promising way to handle todays challenges of
manufacturing enterprises. Examples for application domains of enterprise models are the integration
of heferogeneous software systems, the elimination of redundancies, and in particular fostering
communication, as well as analysis and optfimisation of manufacturing processes. Domain-specific
modelling concepts are infroduced, which represent manufacturing-specific concepts for extending
an existing modelling language. Furthermore, a reference modelbased approach is presented to
support production planning and optimisation. Additionally, a prototypical modeling tool supporting
manufacturing-specific concepts has been implemented. The development and the evaluation of that
fool has been done in the context of a EU funded project supporting the optimisation of manufacturing
processes using enterprise models and key performance indicators. The modelling tool proved to
be a reasonable tool for modelling manufacturing processes within the project. These models have
been further analysed an optimised using external fools. A model interchange format has been
defined for fransferring graphical models to such external tools. Additionally, our reference model
based approach for creating concrete manufacturing process models turned out fo be a valuable
help especially for people without modelling backgrounds. However, there is a need for further
enhancements in order fo develop an appropriate manufacturing modelling method:

Language Concepts  The infroduced concepts for modelling manufacturing systems provide two
process types, i.e., manufacturing process for describing in-house manufacturing processes and ex-
tended business process for describing sub-contracted processes. Nevertheless, there is a multiplicity
of different types of operations within manufacturing, e.g., cutting, welding, turning. Obviously,
theses types of operations differ in terms of their applied resources, in parficular machines, which
play an major role within manufacturing.  Thus, further manufacturing process and resource types
might be useful to provide more semantics. An issue that will be addressed within future research
tasks. Further neglected aspects are quality control and waste, which are of particular relevance
within the domain (CorsO0; ChatO3). Beyond that, events have to be considered in future research.
As already indicated in Section 2.1, events (e.g., machine breakdowns) are an essential element
for describing enterprises from a dynamic perspective. Our perception is that this is also frue in the
confext of manufacturing processes. Thus, further works have fo obtfain appropriate event types.

Process Model A modelling method - in short - usually consists of modelling languages and a
description of a process model defining activities for creating models. Such a modelling process
model is mandatory to guide the modeller through the modelling process by using given modelling
languages. A process model also includes concepts supporting the operationalisation of the ap-
proach, e. g., fransformation, analysis, and process monitoring. An initial step has been done by
supporting the generation of a scheduling model for manufocturing enterprises. However, further
analyses (e. g., resource untilisation) and transformations (e. g., simulation) have fo be researched
in the future. This research may contribute fo the major challenge of “the complete mathematical
modeling of the various processes and their characteristics” (EIMa06, p. 4). Another promising
application domain is the model-driven support of PPC systems applying workflow management
fechniques. Current works addressing this issue seem fo lack specific language concepts [e. g.,

(BeBHOQ)).
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