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Abstract

Product configuration is the process of generating a product variant from a previously defined product family model
and additional product specifications for this variant. The process of finding and sequencing the relevant operations for
manufacturing this product is called process planning. This article combines the two principles in a new concept of
process configuration that solves the process planning task using product configuration methods. The second section
develops characteristics for two process configuration concepts, the interactive process configuration and the automation-
based process configuration. Following an overview of the implementation of a process configuration system, the
results of a case study in the aluminum rolling industry are presented. The main benefits of the process configuration
concept are observed in a reduced knowledge-maintenance effort and in increased problem-solving speed.

Keywords: Generative Constraint Satisfaction Problem; Multiple-Variant Products; Process Configuration; Process
Planning; Product Configuration

1. PROCESS CONFIGURATION AS calculation of parameter values, the completion of param-
AN ENHANCED PROCESS eter lists, or the verification of consistency of customer
PLANNING CONCEPT requirements.

1.1. Multiple-variant products 1.2. Product configuration and process planning as

two principles for generating production data

Manufacturing companies have in recent decades cong proquct configurator can perform the design task neces-
tinually diversified their products and thus responded tosary to produce a new product variant. Mittal and Frayman

increasing competition by more and more respecting the9gg define the configuration task in general as a design

individuality of customer needs. Products that are very Sim'activity with the key feature that the designed artifact is
ilar in their general structure but differ in the details of each

- X assembled from a predefined set of components that can
customer-specific variant are grouped to the more genergjyy pe connected in certain ways. Both the components
constructs of multiple-variant product§chwarze, 1996 414 the possible relations between them are known at the
or product families(Erens, 1996 While the number of g5t of 4 configuration process. A product configurator is a
variants in a product family grows over time, the number ofy,q| that supports the user during the configuration process
times that a certain variant is built declines. Since the geng yat performs the configuration process automatically.
eration of each new variant generally requires some desigithe yse of a configurator not only improves the variant
work, the total amount of design work within the life cycle generation process but also contributes to knowledge pres-
of a product family increases as well. This design workeyation and knowledge consolidation within a company
very often consists in a repeated routine task, such as th(%chwarze, 1996

Configuration and design taskBrown & Chandraseka-
*Currently at the SAP AG, Walldorf, Germany. ran, 1989 are genera”y classified as:
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nology (ETH) Zdirich, Logistics and Information Management, Zirich- h K b bl b lved
bergstrasse 18, CH 8028 Ziirich, Switzerland. E-mail: Karsten. approaches are known, but problems cannot be solve

Schierholt@ethz.ch by simple straightforward algorithms,
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¢ Innovative tasksthe existing knowledge must be ex- ture of process plans within a certain product family is
tended during the solving process, or highly similar. Two forms of similarity can be distinguished:

o Creative tasksweakly defined goals and solution pro-
cedures; new solution components need to be devel-
oped or introduced to find a solution.

e Manufacturing process plans vary in their structure,
that is, in the set of manufacturing processes and their
sequence for manufacturing the product.

Today, configuration is applied mainly to the generation e Process plans of the same structure can vary in the
of product variants, particularly product variants of assem-  manufacturing process parameters.

bled products. The manufacturing processes of these prod- Using this similarity, it is not farfetched to use the strengths
ucts are so closely related to the selected components th

. S the configuration approach for transferring the principles
their determination, based on the component structure o g PP 9 P P

. : used in product configuration to the structurally similar prob-
these products, is hardly a problem. For other kinds of prodl-em of process planning, which in this context is called
rTﬂfrocess configuratiorSingle manufacturing processes form

blydbut.rathter Lhe ttrefat:’nen_t Oftﬁnz vtvork. plice '? thethe basic components of the problem. As in product config-
predominant subject of planning, the determination ot necy, - tasks, new types of componelfi®., processes

essary manufacturing steps is regarded as a planning pro@

| ificall lanni bl th jill not be created during the configuration process.
€m, more specilically, as a process planning problem, rater \yniie 4 maximum bill of material together with associ-
than as a configuration problem.

L ) - ated production rules defines the knowledge about a prod-
Process planning is defined as the task of finding th.euct family in a product configuration problem, the process

h d defining th let t of r@Jm‘iguration approach usegpéan skeletorfor describing
€S€ processes, and defining the complete Set of pararg; knowledge of the process plan family, that is, of all

eters for ea_ch process. Process planning is thereforg trE)erocess plans related to product variants of that product
task of precisely specifying how to manufacture a particu-

lar product(Schlenoff et al., 1996 Within operations man- family.

i lanning i t of i lanni Section 2 reviews environment characteristics for pro-
agement, process planning IS part of operations planning.., o configuration problems and identifies application areas.
The variety of process planning tasks in practice range

- . . T A detailed description of the structure of plan skeletons is
from filling certain parameters into an existing fixed struc-

: . iven in Section 3, while Section 4 reports on the use of
ture of opera’uon; to the generation O.f NEw process .plangrocess configuration at a manufacturer of aluminum sheets
for each new variant of a product family. Computer-aldedand coils.
process planningCAPP systems are currently used only
in a small area of process planning. A 1992 study “raises
the assumption that IT-support for NC-programming is more2. CHARACTERISTICS OF PROCESS
widespread than for process planning. Secondly, the auto- CONFIGURATION PROBLEMS
mation of IT-supported process planning seams to be on a
very low level. Planning tasks more difficult than the ad-2.1. Environment characteristics for
ministration of plans are with few exceptions supported  the process configuration task

ol:\Iy b3|/ speualllgsged Sproce?s planrlung Isci/sterﬁp. 11? Process configuration is a task not always suited to receive
(. ame rlr(1ann, f h)6 ince E_Wdrea ;lwor dprocess pfarll- great attention during order processing. Often, the genera-
ning tasks are of the routine kind, enhanced support of plarg, process plans is trivial, but certain characteristics of

ners in the_ir work bears great p_otential. This support can, product can make it more important to deal with the con-
take effect in the automated solving of subtasks of the planﬁguration of process plans. A morphologic scheme is used
ning problem, in structuring and presenting knowledge fortO identify these relevant areas

easier maintenancg, or in giving dgcision support to the Morphologic schemes are sets of features with each fea-
human planner during problem solving. ture having certain possible values that allow analysis and
evaluation of all possible solutions to a particular problem
in the given feature dimensions. The evaluation of an object
with respect to the given features leads to a pattern, which
can be analyzed for finding interrelations between these
There are many similarities between product configuratiorfeatures. More important, typical patterns can be associated
and process planning, such as the goals of automation afith specific assignments on how to deal with such groups
routine tasks and standardized storing of knowledge or thef objects. In the area of planning and control, several mor-
construction of a structure out of components. A main dif-phologies have been developed to find suitable reference
ference is that the sequence of the components and the dsusiness processes and planning and control methods for
der dependencies of components are neglected aspectsgroducts and product families with certain feature values.
product configuration. In manufacturing applications thatUsing a slightly extended morphology based on Schonsle-
deal mainly with the treatment of one work piece, the strucen(2000), a brief characteristic of those products and prod-

1.3. Process configuration as a combination
of both principles
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uct families is given for which process configuration seems
applicable. One feature, tipeocess concepis added. The
five original features are explained only briefly; further ex-
planations regarding feature values are given by Schonsle-
ben(2000.

Theproduct conceptletermines the strategy for devel-
oping the product and offering it to the customer. The
product concept selects the degree of variant orientation.
The stocking leveldefines that level of the value-
added chain above which a prodicomponent can

be produced within the time to delivery, or in accor-
dance with demand. For goods below and at the stock-
ing level, no exact demand is known. Demand forecast
is required. Each stocking level is closely associated
with a production concept.

Thereason for order releases the origin of demand.
Thetype of orderindicates the origin of demand that
resulted in the order.

The frequency of order repetitiorstates how often,
within a sufficiently long time period, a production or
procurement order for the same product is placed.
Thetype of long-term ordergdescribes the manner in
which long-term planning is conducted in the logistics
network.

The new featureprocess conceptdefines the strategy
for developing the manufacturing process plans. The value
are defined very similarly to the values of the feature prod
uct concept mentioned above:

413

appear in the same sequence, and have fixed process

parameters. Such process plans are usually used in the

production of standard products with no or only a few
variants.

Standard process sequence with variable parameters:

The processes necessary to manufacture the product

are always the same and always appear in the same

sequence, but might have variable process parameters
depending on the specified product variant.

Standard process sequence with variamtsstandard

process sequence for manufacturing product variants

of a product family exists. With respect to the speci-
fied variant, some processes of the standard sequence
might be skipped or added or alternative processes cho-
sen. There is thus some variance in the process plan
structure.

e General process framework general process frame-
work exists for all product variants. The framework is
filled with manufacturing processes from a predefined
set. The sequence within the framework might vary.

e Variable process sequencd&o predefined sequence
of processes exists. The set of manufacturing pro-
cesses used might be extended on demand.

Using these features, relevant areas for the use of process

configuration are identified in Figure 1. Black fields sug-
gest full applicability, while shaded fields define feature
values for which process configuration is only partially ap-
plicable. It is not a coincidence that production concepts
suitable for process configuration are very similar to those

e Standard process plansthe processes necessary to concepts that are generally increasingly suitable for variant-
manufacture the product are always the same, alwaysriented concept$Schonsleben, 2000The individuality

» | Values
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Fig. 1. Values of product and production features for process configuration.
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of product variants and their manufacturing processes is a  andcreative configuratioraccording to the definitions
major reason for using process configuration concepts: The  mentioned earlier.

more uniquely products are manufactured, the better the fit ¢ The amount of user influence during the process con-
of process configuration as a method for coping with the figuration task is described according to the feature of
increased complexity of the process planning task. degree of automation for plan generatidfossible val-

At first sight, process configuration looks useful for ues of this feature are:
manufacturers of multiple-variant products that also re-
quire variance in the manufacturing process. Still, the pro-
cess configuration task in itself varies greatly in complexity,
growing from a standard sequence of manufacturing pro-
cesses with variable parameters to a completely variable
process structure. Within this range, the requirements of the
process configuration task vary as much.

A second morphologic scheme is now presented to fur-
ther detail the characterization of the process configuration
task for a given product family with process-related fea-
tures of process configuration. In addition to the previously )
introduced feature process concept, four other features are  teractive way. The system performs tasks such as

added to the morphologic scheme. Their values are ex- the calculation of parameters and consistency checks.
plained briefly: o Automated generation with possible interacti@mo-

cess plans are generally generated automatically. In
difficult cases, where the process configuration sys-
tem cannot find a solution, instruments for guiding
the search by the user can be used.

¢ Fully manual:Plans are built manually in a genera-
tive way.

e Case-based with manual modificationshe pro-
cess configuration system supports the planner by
finding relevant cases from a case base, which are
then adapted manually to fit the product requirements.

e Case-based or skeleton-based with supported mod-
ifications: The process configuration system sup-
ports the planner by finding relevant cases or plan
skeletons, which are adapted and detailed in an in-

o Alternative process plan®n a scale ranging fromo
alternativesfew alternativesandsome alternative®
many alternativesthis feature describes how many

technically valid alternative process plans existtoman- ¢ Fully automatedAll plans are generated automati-

ufacture one specified product variant. The existence
of alternatives calls for methods that rate these alter-
natives for selecting an optimal or near optimal pro-

cally. Except for changing the underlying process
configuration knowledge base, there are no sup-
ported interactions.

cess plan. _ _ _ _

o The complexity of process configuration knowledge Using this morphologic scheme, the following two subsec-
characterizes the knowledge necessary to create tH&ns identify and describe two typical scenarios for apply-
process plan from the product data. ing process configuration. One is based predominantly on

] . user interaction, while the other is automation oriented.
o Simple complexitgxpresses the fact that common

IF-THEN rules or similarly defined constraints are
sufficient to express all knowledge needed to define2.2. Interactive process configuration

the existence of a process. Rules and perhaps formu-

las for calculating process parameters can be evalufhe scenario of interactive process configuration aims to
ated by using only customer order data. define a decision-making process for configuration tasks in

o Fair complexityis given when, in addition, inter- which user input data and data generated by the process
dependencies between processes occur that are deenfiguration system are integrated. Figure 2 shows typical
fined by consistency rules. values of features where this scenario is applicable.

e Once rules and formulas depend not only on the Typical areas of application for interactive process con-
product specification but also on the data generatediguration are found in production schemes where the com-
for other processes, process configuration knowl-plete knowledge necessary for defining process plans cannot
edge becomesighly complex Interdependencies be made available to the planning system. This can be due
between processes might be cyclic. Methods for reio reasons such as:
solving possible conflicts must be availaljfder,
1991).

e High complexity with incomplete knowledggists
in cases where the product family is not completely
defined for all its possible product variants. In this
case, methods allowing manual interaction are ab-
solutely required.

e Lack of structured knowledgéhe planning task re-
quires not only technical knowledge but also knowl-
edge about the environment that is not structured enough
to be defined in term of rules that can be evaluated by
a system. An example of this kind of knowledge is the
handling of exceptions.

¢ Fast changing knowledgeSome areas of the knowl-
edge base are so dynamic that the maintenance of the
respective structured knowledge requires an effort much

e Theconfiguration task classificatiodistinguishes be-
tweenroutine configurationinnovative configuration,
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Feature » | Values
Standard
: Standard .
Variable process 3 sequence with Standard
Firocess Concept » seqguence sequence with variable process plans

variants

parameters

Alternative Many alternatives i i i
Rl e > Viany alternatives SR EElEGEES Few alternatives | Mo alternatives
Complexity of High complexity simple
Plan Generation with incomplete. High comp Fair complexity -
Knowledge > knowledge complexity
Configuration TasH Creative ! Routine
Classification > configuration configuration

Automated

Degree of generation with

Automation for > Fully manual

Fully automated
Plan Generation

possible
interaction

Decreasing complexity of process configuration task

Fig. 2. Features and their values in an interactive process configuration scenario.

greater than the benefit. This is valid also for rarely hand, the maintenance of the process configuration knowl-
used knowledge. edge is quite easy, since only a small and little interdepen-

. L . dent knowledge base remains to be maintained.
In the cases mentioned above, it is impossible or at least

not feasible to keep the knowledge base up-to-date and co
plete at all times. Here the incompleteness of the know
edge base should be accepted and the system-supportédcontrast to the interactive process configuration sce-
process configuration task designed interactively. nario, which is highly dependent on manual interference

Process configuration patterns that rate even higher oduring the process configuration task, the scenario of
the complexity scale, that is, appearing further to the left inrautomation-based process configuration assumes auto-
the morphologic scheme in Figure 2, seem hardly suited fomated process plan generation of most standard product
support by a process configuration system. The individualvariants but also allows manual interference in cases of
ity of the performed task and the knowledge used present @xceptions or special orders. Figure 3 shows typical values
situation where the initial effort for developing a general of features of the process configuration morphology where
process framework does not pay off. In that case, a comsuch a scenario is applicable.
pletely manual process configuration for each manufac- The scenario of automation-based process configuration
tured product is more appropriate. is found in applications where rules, constraints, and for-

Interactive process configuration depends strongly ormulas are sufficient to express the technical process config-
communication between the user and the process configwration knowledge. Here process configuration knowledge
ration system. Two aspects are important for a successf@f only fair complexity typically remains stable for longer
system: periods than configuration knowledge of higher complex-

) ) ) ity. The product family definition is rarely extended due to
* Asuitable user interface that supports the user in the,.oquct changes or additional customer requests. Process

tasks to be performed, and structures within a product family remain similar over the
A level of communication between user and systemje cycle of that product family.

that is easy enough to be used intuitively but at the  gyen though the process configuration task in this sce-
same time expressive enough to describe even conygayig is designed to be performed in an automated way, an
plex knowledge structures. This knowledge structurgpierface for handling exceptions and for changing config-

level used for presentation is not necessarily the samgyeq process plans is inevitable. Including manufacturing,
level used for reasoning by the system. Amapping cafyhich uses the results of the process configuration, and

take place in between. system development, Figure 4 shows four interest groups
The implementation of an interactive process configura{nat €ach place different requirements on an automation-
tion also requires highly skilled planners with profound based process configuration syste&ehierholt, 1998

knowledge of their domain. They are only marginally sup- e Manufacturing: Most important is the correctness of
ported in their decision making by the system. On the other  process plans. The plan should include all process in-

E}_.& Automation-based process configuration
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Fig. 3. Features and their values in an automation-based process configuration scenario.

formation as well as possible references to manufac- e
turing instructions that must be obeyed. Determination
of alternative machines and process tolerances help
operators to interpret their action potential.

¢ Planning: A requirement important to human process
planners is transparency of the reasoning steps taken
by a computer-aided process planning system in devel-
oping the process plan. This is essential for eventual
manual additions or changes to the plan. In addition,
the planning system should be flexible enough to al-
low planning system-human planner interaction dur- e
ing the planning task execution. Interaction, on the
other hand, requires a reasonably fast system reaction
time.

Knowledge engineerindginowledge engineers are look-
ing for a powerful form of knowledge structuring that
allows them to define general principles on a very ab-
stract level but also enables a simple representation of
specific exceptions to these principles. An important
aspect in this context is the definition of a comprehen-
sive structure of knowledge. Dependencies within the
knowledge structure should be as visible as possible.
This helps to determine the side effects of any changes
in the knowledge base and thus reduces test effort.
System developmerithe requirements of system de-
velopers are somewhat similar to those of knowledge
engineers. On top of that, the reasoning tools available
in the system should be both powerful enough for

Manufacturing

+ Correctness

+ Information about
manufacturing rules

* Flexibility to react to
process uncertaincies

Planning

Transparent reasoning
Interaction to influence

the planning task
Fast response time
Expressive error messages

Knowledge-based Planning System

Knowledge Engineering

+ Powerful tools for
knowledge modeling

+ Few dependencies within
knowledge base

* Errortracking capabiliies

System Development

.

Structured knowledge
representation

Powerful reasoning tools Fig. 4. Key requirements placed on an automation-

based process configuration system by different user
groups.
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achieving good performance of the planning task andiguration has to consider an additional dimension: time, or
expressive enough to define efficient problem solvingthe sequence of processes.
strategies. Generic product structures use hierarchical maximum bills

Again, even a mostly automated process configuratior?f material with associated production rules for defining
system relies strongly on the interfaces offered to the dirProduct family knowledge. To describe generic process struc-

ferent kinds of users. The following section suggests a vi{ures with knowledge about sequences of processes, di-

sually based representation language for knowledge needégcted graphs are more appropriate. These graphs are called
to perform the process configuration task. plan skeletonsEach node in a plan skeleton represents a

process. The edges define possible predecessor or succes-

sor relationships in a process plan. Every path from a de-
3. IMPLEMENTATION OF PROCESS fined starting process to a defined final process is a possible

CONFIGURATION process plan. The bases of a plan skeleton are process type
components that are hierarchically structured in a process-
type hierarchy. Associated with these process types are cal-
culation functions that define input—output relations of the
Product configuration systems usually use a generic proq'hanufacturing processes. A process can appear as manda-
uct structure for representing the knowledge about a muItitOry (displayed darkeror optional(lighter in a plan skel-
ple variant product. In addition to a common producteton, When mandatory, they have to be part of every process
structure, a generic product structure consists not only 0&.Ilan variant; optional process have associated existence rules
the components of one product variant, but also includes alhat determine whether this process is needed in a specific
possible alternative components within the given productontext or not. Insert processes are processes that are mod-
family. For each alternative component there is a rule thag|eq outside the graph structure, because their positions in
states the conditions under which this component is part ofye process plan variant cannot be determined in advance.
the product structure of a specific product variant. Other—,—hey will be determined during problem solving through
rules may calculate parameters for a component or checkyaluating insertion decision tables. An example of a plan
compatibility among components. The concept of generigkeleton of the aluminum sheet and coil manufacturer ap-
product structures is explained in further detail in Erenspiication is given in Figure 5. Figure 6 shows the ramifica-
(1996 or Schénslebe(1985. tion decision table for the warm rolling node, and Figure 7
A direct conversion of generic product structures to ge<npows a possible insertion decision table.

n_eric process structures for process configuration is not POS- Different categories of process-planning knowledge are
sible. Rules for defining the existence of processes, theimodeled in plan skeletons and the associated process type

parameters, and compatibilities among them are still repjerarchy. Aformal definition is given in Schierh@2000:
quired. In contrast to product configuration, which includes

the problem of component or part selectiddarr & Bir- e Thegraph structureprovides a generic model of pro-
mingham, 200DPand component arrangement, process con-  cess plan variants in a product family.

3.1. Knowledge representation for
automation-based process configuration

Warm Ralling Cutting Lengthwise

///\\\

Cold Rolling Cutting Widthwise

‘ | Fig. 5. Example plan skeleton.
Surface Palishing Annedling

|

Cold Ralling

Cutting Edges
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Ramification Rules:

IF Rule 1 |Rule 2 [Eise
order_material =C4040

order_temper - <30

THEN THEN THEN THEN

Ramify to: cold_rolling cold_rolling cutting_widthwise
Comment

Fig. 6. Ramification decision table for the “Warm Rolling” node.

A set of process typassed in one or more plan skel- categories, however, a lack of comprehensibility that is
etons with process parameters defined for each of theeeded for knowledge maintenance is obvious.
process types provides the elements of the graph. The three additional knowledge categories, the hierarchy
o Calculation functionglefine relations among process of process types, optional processes with existence rules,
parameters in or between processes of certain processd insert processes, only ease the modeling and the visu-
types. alization of plan skeletons. They do not allow modeling of
e The process type hierarchgrders the process types new classes of knowledge, such as functional knowledge or
hierarchically. It allows abstraction in modeling pro- fuzzy knowledge. Plan skeletons that use the additional
cess parameters and calculation function definitions. knowledge categories can always be transferred into those
o Ramification rulesspecify the path to be taken in the that do not use them—with all the disadvantages with re-
graph structure for a specific process plan variant.  spect to clarity and readability of the plan skeletons.
o Existence ruledetermine the existence of optional pro- It is thus clear that, to a certain extent, process-planning
cesses in a path. knowledge within one class of knowledge can be modeled
o Insert processewith insertion rules determine even- invarious ways; that is, the same facts of knowledge can be
tual dynamic extensions to the graph structures in promodeled using different categories of knowledge. The knowl-
cess plan variants. edge engineer thus has some degrees of freedom in model-
ing, and individual modeling styles are possible. The list
When related to the general classes of configuratiorof possible knowledge categories used for modeling plan
knowledge, all of these categories belong to the class afkeletons also has no clear limits. New categories might
problem-independent knowledd@Klein et al., 1994. The  enable the modeling of plan skeletons with even better
knowledge about process types and their associated paramemprehensibility.
eters as well as the hierarchical order or these process typesPlan skeletons seem to be expressive enough for repre-
belong to the subclass of component knowledge. All othesenting even complex process structures of product families
knowledge categories belong to constraint knowledge an@ith many variants. Mostrules relating to sequencing knowl-
(in-)compatibility rules. edge are encapsulated in the graph itself. Plan skeletons also
Not all of the seven knowledge categories are needed fadisplay an easy way of understanding process plans while at
modeling process configuration knowledge with plan skel-the same time guaranteeing a minimum of structured know!-
etons. Process types with their parameters, calculation funedge definition that can be processed by an automated sys-
tions, the graph structure, and ramification rules are sufficientem. Plan skeletons are thus well suited to serve as a mediator
for that purpose. When using only these four knowledgdanguage between the user and the system.

Insertion Rules:

IF Rule 1 _ |rute2 | Ese |
order_temper ==50

arder_width =200

THEN THEN THEN THEN

Ralative Pasition: after befora bafore

Counter: first second last

Reference Process Type: cutting_edges cutting relling

Comment

Fig. 7. Insertion decision table for the “Cutting Lengthwise” node.

https://doi.org/10.1017/50890060401155046 Published online by Cambridge University Press


https://doi.org/10.1017/S0890060401155046

Process configuration 419

3.2. Solving process configuration tasks as application-specific search heuristics. The definition of the
constraint satisfaction problems process configuration constraint model is performed in three
phases. The first phase is model independent; that is, the
Constraint satisfaction techniques form the foundation oflan skeleton chosen as the basis of the problem instance
the configuration approach described in Mittal and Fray-is of no relevance. During the second phase, constraints
man (1989, which focuses on the assembly of systems byare generated that are related to the plan skeleton, but still
connecting components. However, the basic finite and disindependent of the problem instance. Only in the third
crete constraint approach is limited in expressiveness anphase is problem-specific data used for specifying further
does not provide hooks for representing important featuresonstraints.
of configuration problems. These features are the organiza- The first phasestarts with defining a component type
tion in terms of components and the dynamics of thehierarchy on the basis of the process type hierarchy used in
problem—that is, the fact that the number of components iTodeling plan skeletons. After that, port variables are added
a solution may change during problem solving. to the root component type and thus inherited by all com-
Mittal and Falkenhaine¢1990 proposed dynamic con- ponent types on lower levels. These ports, the direct and
straint satisfaction problem@ynamic CSPto avoid the global predecessor and successor sets of a component in a
latter problem. Dynamic CSPs extend a finite CSP to allowprocess plan variant, are the main variables that are con-
constraints on both values of a variable and its relevance tstrained for finding a valid sequence of process compo-
a solution. In a dynamic CSP, not all variables have to benents for a given problem. In a solution, at most one
assigned to solve the problem. This is addressed by theomponent may be connected to the direct predecessor and
introduction of a second type of constraint. While compat-successor port, as this is necessary in order to guarantee
ibility constraints represent the constraints known from thethat the process sequence is unambiguous. Attributes, their
finite CSP, activity constraints require a variable to be acpossible value domains, and calculation functions that de-
tive or not active based on other variables’ activity andfine relations between input and output parameters of a
value assignments. The introduction of activity constraintscomponent are defined next in the constraint model. These
does not resolve the problem of limited components, sincelefinitions may be specific to only parts of the component
all possible components still need to be defined in the probtype hierarchy, such as, for example, only the rolling pro-
lem specification. In configuration problems, defining the cesses. The necessary information is taken from the process
maximal set of possible components may be impossibleéype hierarchy in the plan skeleton model.
(Mailharro, 1998. At the same time, neither CSPs nor dy- Thesecond phaseonstrains the model further by using
namic CSPs allow for efficient support of componentinput from a specific plan skeleton. Except for the direct
hierarchies. predecessor port of the component type representing the
Component-oriented configuration approaches are an exsource node of the plan skeleton and the direct successor
tension to the modeling approaches based on CSPs or dpert of the component type representing the destination node
namic CSPs. Component-oriented configuration introducesf the plan skeleton, exactly one component must connect
component types as the central object, where each type dé& all direct successor and predecessor ports in a valid so-
termines the structure and constraints of its instances, thi@tion. No component may connect to the other two ports.
components. Component types are typically organized irifter that, the number of possible components of a specific
object-oriented inheritance hierarchies and thus allow reatype is restricted to the count of appearances of the related
soning on an abstract level. The number of component inprocess type in the plan skeleton. If a process type is mod-
stances is not limitedSabin & Weigel, 1998 eled as absolutely mandatory in a plan skeleton—that is, it
Configuration problems are represented as generativis part of every process plan variant developed from such a
CSPs, in which components and their attributes can be gemlan skeleton—minimum bounds are defined as well. The
erated as needed. New instances of a component type alstructure of the plan skeleton is then redefined by con-
trigger the generation of attribute variables and constraintstraints on component types that restrict the possible com-
that are defined on this component type. The new compoponent types that may connect to the direct predecessor and
nent may in addition be restricted by previously existentsuccessor ports. At the same time, it must be assured that
constraints. Connections between components, describeadandatory parts of the plan skeletons cannot be skipped in
in the form of ports, are represented using sets with nonfinite solution due to the use of insert processes that until now
domains to allow as many components as necessary to cohave unrestricted predecessor and successor sets. To avoid
nect. At the same time, a generative CSP framework supporthis, a further constraint requires that for every component
resource-balancing constraints, where resource demands atyghe in the plan skeleton, at least one of the possible direct
supplies are defined through component attribytdasil- successors must also be in the global successor set. Such a
harro, 1998; Stumptner et al., 1998 constraint ensures that all mandatory process on a path are
For problem solving, plan skeletons have to be compiledncluded in a process plan variant.
into a generative CSP, thigocess configuration constraint In the last step of the second phase, the information given
mode| and then solved using standard CSP algorithms within the existence, the ramification, and the insertion decision
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tables is also added to the process configuration constraifthe result of this first step is a reduced, but still large,
model. Rules in a decision table are transformed into consearch space through which the solving process is guided
junctive statements that are then defined as constraints. Sindering the second solution step.

decision tables are defined as first-hit decision tables with If during the first step no solution is generated by initial
rules being evaluated from left to right, the action part ofpropagation, the remaining search space has to be traversed
the second rule may only be activated if the condition of thefurther. This is done by selecting values from the valid
first rule is false, and the condition of the second rule isintervals of variables that are not yet bound to one value.
true. These statements are easily defined as logical cor-he consequences of such a selection are propagated through
straints equal in all kinds of decision tables. The action parthe constraint network. If a contradiction is detected, that
of a rule, on the other hand, is different between the deciis, the constraint satisfaction failed, the system will back-
sion tables. While in existence decision tables a componeritack to the last choice point, and the next value of the
of a specific type is required or rejected to be part of theunbound variable is chosen. Otherwise, a selection is made
process plan variant solution, the action part of ramifica-at the next choice point. This procedure is continued until a
tion decision tables triggers constraints that reduce the sefalid solution to the problem is found, that is, all variables
of possible successor component types at a dividing node iare bound, or until the search space is completely traversed.
the plan skeleton. In insertion decision tables there are threafter finding one solution, more solutions can be produced
inputs given in a rule conclusidisee also Fig. 7 Eachrule  when backtracking and continuing search with other vari-
leads to two constraints. One defines the type of the direcable choices at choice points.

predecessor or successor component of the inserted processt is obvious that the sequence of unbound variables used
in the process plan variant. The other one defines the exaets choice points in this second step and the way of selecting
reference component by defining its codftom the top to  the values of the unbound variables are of great impor-
the bottom of the process plan varigidith this choice it  tance. An inadequate solving strategy will lead to a large
is possible to require a process to be inserted after angumber of backtracking operations that were preceded by
rolling process, but specifically, for example, after the thirdwasted propagation effort and cost much solving time. Rather
rolling process in the process plan variant, regardless ofhan attempting to find an optimal or near-to-optimal solu-
which of the rolling processes in the plan skeleton are fi-tion right away, one valid solution should be searched, which
nally part of the solution. is then improved during the continuing solving process.

In the third phaseof model definition, the problem- A solution to the process configuration problem is found
specific parts are added to the constraint model. These partghen a consistent plan has been generated, that is, the com-
are basically the order parameters for the specific produgbonents generated during search can be assigned a type, can
variant to be manufactured, which also form the input spebe ordered in a sequence while no constra{etpecially
cial to this problem instance. input—output relationships between succeeding procgsses

Aformal definition of all constraints in these three phasesare violated. The predefined search strategy builds the pro-
is given in Schierhol{2000, which gives the details of cess plan from both ends and adds new process components
how the example given in Section 3.1 is modeled in a pro-until the gaps in input—output restrictions between pro-
cess configuration constraint model. The definition of thecesses are filled.
process configuration constraint model was implemented The following example will find a process plan variant
using optimization programming libraries by ILOG, the for the plan skeleton shown in Figures 5 to 7 with the fol-
ILOG Solver and ILOG Configurator. These tools eased thdowing order data:

!”nodel definition and s_earch strategy formula_uon by provuj— « order_materiakC6031
ing data structures with embedded constraint propagation
algorithms and with predefined basic search strategies that * order_te.mpe-@FGO

i ) e order_width=300
were adapted to the specific needs of the process configu-
ration task. The “Warm Rolling” and “Cutting Edges” processes must
be part of the process plan variant, since they are defined as
mandatory, and there are no alternatives routes in the plan
skeleton. With the given order data, the first two rules in the
ramification decision table of the warm rolling node, shown
The process configuration constraint model as defined inn Figure 6, fail. The Else-rule will fire. As a result, pro-
three phases in the previous subsection is solved in twoesses on the left path are excluded from the successor set
steps. The first step performs the initial propagation of theof the warm rolling component, and the right path is cho-
constraint model. Components that are absolutely necesen. An “Annealing” component will be generated, since it
sary to solve the model are generated, and their type, porits modeled as mandatory on this path.
and attribute variables constrained to ranges where no con- Assuming that the existence decision table of the insert
straints are violated. This step is performed completely by anode “Cutting Lengthwise” determined the need for such a
constraint propagation algorithm without further guidance.component in the process plan variant, this component will

3.3. Solving the process configuration
constraint model
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be added to the process plan variant according to the secondThe company’s main customers commonly place repeti-
rule. This is the first rule to fire when examining the deci- tive orders with equal order parameters. The vast majority
sion table from left to right. The rule requires the insertionof orders, however, are nonrepetitive. The focus of the pro-
before the second “Cutting” process. At this point, only onecess planning task is thus on supporting process plan gen-
“Cutting” process, the “Cutting Edges” component, existseration for these orders. This task is automated to the greatest
in the solution. For a valid position to exist, a second “Cut-degree possible.
ting” component has to be generated. The only choice in About 70 different manufacturing process types are avail-
this case is the instantiation of the “Cutting Widthwise” able for the production of all types of rolls and sheets. Roll-
process at the predefined position. The “Cutting Length-ing processes, cutting processes, and heat treatment processes
wise” component is then inserted directly before the “Cut-are relevant to all product groups. Specific treatment pro-
ting Edges” component. cesses, such as washing or lacquering processes, are used
The result of the solving process is shown in Figure 8.only in certain product groups. A process plan consists of
The processes outlined in bold borders are existing compabout 10 to 25 processes.
nents in the solution. The existing process planning system was installed in the
mid-1990s. It builds on a rule-based planning approach and
is built on top of an expert system shell. Since its imple-
mentation, some deficiencies in the knowledge manage-
ment of the process planning knowledge had become evident.
The process configuration system is seen as a basis for new
This section describes the industrial setting of a case StUdyystem generation that improves these shortcomings.
for validating the process configuration concepts. The pro- The rule base contains around 2,000 to 2,500 rules. These
totype implementation of the process configuration systemyles can be divided into three categories. Between 35 and
and the case study evaluation were conducted at differenfoos of the rules are existence rules that define the condi-
rolling plants of an aluminum manufacturer. Production intions under which a process is needed in a process plan.
the case study is based on a make-to-order concept. Eagthother 35 to 40% of the rules are sequencing rules that
order is treated as a new product variant. A new procesgetermine the position of a process in the process plan rel-
plan is thus generated for each order. Most orders differ inytive to other processes and attempt to determine a predeces-
some order parameter detail, making reuse of a previousl¥or or successor. The remaining rules are manufacturing
generated process plan impossible. About 10,000 differenkstructions.
process plans presently exist, most of which were only man- The planning systems works in a cyclical approach. In
ufactureq once and are not expected to be manufacturede@ch Cyc|e, processes of the process p|an variant are se-
second time. lected, ordered, and then their process parameters calcu-
lated with the newest information gathered in the previous
cycles. The planning system finishes when plan parameters
stop changing between planning cycles. While the process
plan structure is usually generated during the first cycles, a
number of additional cycles are needed to optimize the pro-

4. PROCESS CONFIGURATION IN PRACTICE

4.1 Application context of the case study

I cess parameters. The planning task commonly requires be-
Warm Rolling tween 5 and 15 planning cycles. The optimization part takes
//,,\ about 4 to 6 cycles.

Besides the attempt to reduce planning time, difficulties

Cold Rolling Cutting Widthwise in knowledge management provided the main impetus to a
| | rethinking of the selected approach. Maintaining the knowl-

edge base is an extremely complex task. Rules, especially

SRR L] A sequencing rules, are highly interrelated among each other

| such that changes in one rule may lead to unforeseen and

unintended side effects at other places. Profound knowl-

Cold Rolling . e .
edge of the rule base is necessary to perform modifications.
I Planners themselves often do not have sufficient knowl-
Cutting Lengthwise edge of the rule-base structures to perform larger modi-

fications. They usually maintain existence rules and
manufacturing instructions. Sequence rules and calculation

Cutting Edges functions are, on the other hand, maintained by the knowl-
l : edge engineers who designed the knowledge base. The orig-
inal goal—to have the planners maintain all changing
Fig. 8. Process plan variant solution of the example. knowledge — could not be achieved by the planning system.
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4.2. Implementation concept to the process configurator for completion and a plausibility
heck. By using the plan modification editor, the level of in-

Figure 9 shows an overview of the implementation concep s . . . )
. . eractivity during the execution of the process configuration
for a process configuration system. The planner uses thg .
) . . L task can be set on a problem-to-problem basis. Acompletely
plan skeleton editor to design, edit, and maintain the plan . N .
. . utomated process configuration is possible as well as a
skeletons. The process configurator retrieves the produc

specification of a specific customer order from the Com_completely manual generation of the process plan variant,

: Figure 10 shows the workings of the process configura-
pany ERP software system and selects an appropriate pl%‘r in greater detail. The planner, who is the planning do-
skeleton for this order. Using the knowledge defined in the . .' ' .

main expert, defines a plan skeleton by developing a

plan skeleton, it configures the process plan. The resumngnaximum process plan and identifying additional produc-

plan is passed back t(.) the ERP software system as input f%ron and consistency rules that are associated to each of the
further order processing tasks.

While the plan skeleton editor is a modeling tool for plan manufacturing processes in the maximum process plan. One

skeletons, the plan modification editor is a tool for specificplan skeleton usually defines process cgnﬂguranon knowl-
edge for one or part of one product family.

process .plan variants. The plan modification editor can be Whenever the process plan for a customer order s to be
used for: . :

configured, the process configurator selects one plan skel-

« visualization of a generated process plan variant, ~ €ton from the plan skeleton library based on certain order

« manually generating @nitial) process plan variant for Parameters, such as the product family or possibly other

a given customer order, based on a predefined p|aJ1ey parameters. This plan skeleton is compiled into the

skeleton, or process configuration constraint model. Taking this model
ated process plan variants. rator will attempt to find a process plan variant for the

desired product specification in the model that defines a
The plan modification editor uses the same interface andorrect and technically feasible solution. If the product spec-
a visual language very similar to the one in the plan skeldfication does not allow the correct configuration of a pro-
eton editor. In contrast to the plan skeleton editor, it allowscess plan, possible sources of errors are returned as feedback
explicit manipulation of process selection and process paso that the user can identify mismatches easily. The planner
rameter selection in a specific process plan variant. If deean apply changes in the plan modification editor or restart
sired, the changed process plan variant can be passed battle process configurator with changed input.

Plan Skeleton Editor Process Configurator

B Odn festmben [eigm [rorkage. il

E Do Sewiminn Erdagen

Plan Modification Editor

Company-wide
ERP-system

Fig. 9. Overview of the implementation concept for a process configuration system.
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Planner Plan Skeleton @ 5

Modeling Interpreting

Process Plan

Fig. 10. The workings of the process configurator.

4.3. Case study results eton editor due to the improved modeling capabilities. The
clarity of knowledge modeling was improved by the sepa-

The main goal in introducing the process configuration apration of sequence rules with respect to the related product

proach at the aluminum manufacturing company was tqyroups, the implicit graphical representation of a large num-

improve knowledge maintenance of process plan generaer of the sequence rules, and by relating the remaining

tion knowledge. Process plan quality improvement and prorules to nodes in the plan skeleton. Certain syntax checks as

cess planning performance improvement were secondafyart of the plan skeleton editor further reduce the risk of

aims. As the knowledge being modeled with the processnodeling errors and costly error search.

configuration approach remains equal to the previous situ-

ation and also the plan optimization functions continue to

be implemented in the expert system, there is no change in. CONCLUSION

the quality of the process plans. ] )

The sequencing task is solved correctly using the proces'@rocess conflguratlon. was presepted as a concept for solv-
configurator. While calculation times are higher than in thelNd the process planning task using principles known from
original expert system-based sequencing execution, th@e product c_onf|gL_Jrat|on concept. Two main con_cepts f(_)r
still remain in an absolutely acceptable single-digit second’rocess configuration systems were presented: interactive
range. Increased calculation times are more than compeRy0cess configuration and automation-based process con-
sated for by the reduction of planning cycles needed to findiguration. Further explanations were given on how these
a stable solution. Test runs showed that the number of plarfOncepts can be implemented in planning systems, and the
ning cycles is reduced in the range between 15% and 500g0Ncepts were implemented in a case study.
with an average reduction of 30%. Users gave positive feedback on the use of visual means

Much more important than performance improvementsfor 'repres.enting' process structures. Knovyled.ge engineer-
are simplifications and complexity reductions in knowl- g in particular is greatly improved by making interdepen-
edge modeling. These improve not only the first-time gen_d_en_C|e§ between processes |nstar_1tly visible. The use of
eration of plan skeletons, but also maintenance tasks. In th@imilar interfaces for knowledge maintenance as well as for
original expert system, the maintenance of calculation pal;he V|sugl|zat|_on and manipulation of configured process
rameter tables and the maintenance of existence rules fg¥an variants is seen as a step forward as compared to the
process types were performed by the planners. Sequené@'e'ba$ed knowledge malntena_nce used prewou_sly. Tests
rules were already too complex and most often had to b&" the integrated test case environment reveal improve-
updated by knowledge engineers. Maintenance of paranfl'ents in plan generation time as well as in knowledge main-
eter calculation functions as well as the introduction of newt€nance effort.
process types and their integration in the rule network were
also tasks executed by the knowledge engineer.

Those responsibilities change with the introduction ofACKNOWLEDGMENTS
the process configuration approach. Planners are now mostishe Project ProCONFIGProcess Configuration for Multiple-
able to perform sequence rule maintenance in the plan skelariant Products: Work Plan Generation for Sheet and Coil Mate-
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