State-of-the-practice in product configuration ˘ a survey of 10 cases in the

Finnish industry

J . Tiih onen, T . S oininen, T . Männistö, R . Sulonen

IIA - Research Centre, Helsinki University of Technology

Otakaari 1, FIN-02150 ESPOO, Finland

Tel. +358-0-451 3242, fax +358-0-451 3293, J uha.Tiihonen@hut.fi

Abstract

The d esign and production of goods that satisfy the special needs of individual customers are of central interest to the European industry. A major trend is to improve customer specific adaptation with configurable products. We are interested in the methods, practices and tools that support product configuration tasks. The research described in this paper is meant to guide our future work. We have 1) establish ed a framework for understanding the problem area of product configuration in a fairlywide sense byidentifying a number of factors and 2) carried out ten actual case studies using the proposed framework.

Our framework consists of five problem areas that are further refined into a number of factors characterising the areas . The problem areas cover the economic importance of product configuration, the complexityof the configuration task , the nature of the configuration process , long term management of configuration related product knowledge and the interfaces to other processes and systems. These areas and the included factors are quantified and qualified with "metrics" to help in analysing and comparing configuration problems . The preliminaryresults indicate that configurable products and the related configuration processes are veryimportant to manycompanies. The main reasons for using configurable products are the abilityto meet a wide range of customer requirements, the increase d control of production and the reduce d lead times in the deliveryprocess. However, c onfiguration activities and related knowledge are usuallynot systematised . The case companies are not yet using computer based configurator tools, but nearlyall of the m intend to have computer support with in the next few years. T he re is considerable variation in the maturityof the companies to make this transition . The long term management of products and product knowledge are considered risk factors.

Keywords

Product configuration, conceptual framework, survey, industry, delivery process

1 INTRODUCTION

This paper reports ongoing work in the field of product configuration. Our group has worked on product data management and product configuration for several years. We have developed an engineering document management system that is being used in the Finnish industry

(Peltonen 1993), gained practical understanding of product configuration bydeveloping an experimental product configurator (Tiihonen 1994) and begun the development of a prototype based model for supporting the long term management of product configuration knowledge

(Peltonen 1994). In addition, we cooperate with a number of companies in the domain of product configuration. We are currentlycarrying out a surveyof 10 companies to studytheir actual product configuration problems. The companies have been motivated to spend a considerable effort on the survey to get some feedback on their plans and to be able to compare their situation with that of other companies. For us this has give n a possibilityto increase our understanding of the real problems, indispensable to guide our future research into areas of practical and scientific importance.

The paper has the following structure. Section 1 summarises previous work in the field of product configuration and gives our view on the subject. It goes on to present our current research problem, goals and research method. Section 2 presents the conceptual framework used in analysing the cases. Section 3 gives an overview on some of the preliminaryresults and conclusions. Section 4 describes how the results affect the development of knowledgebased configuration systems. Section 5 outlines some research issues that have arisen during the survey. The field studyhas been finished and analysis has onlybegun; therefore some of the proposed results may not be fully conclusive.

Previous work

Product configuration has been an area of active research. There are many definitions and models of product configuration ( Mittal and Frayman 19 89 , Najm an and Stein 19 92 , Hein rich and Jungst 19 91 , Klein 19 91 , Snav elyand Papalambros 19 93 , Klein 19 94 , Schr eiber 19 94 ,

Tong and Sriram 1992) . Manyresearch oriented and commercial product configuration systems and systems advertised as suitable for product configuration have been developed;

examples include PLAKON (Cunis et al. 19 89 , Cuni s et al. 19 91 ) , TrilogySalesBUILDER

( Hale s 19 92 ) , the SAP configurator ( SAP 19 94 ) , Design++ ( D esign ++ 199 3 ) , ICAD ( ICAD

1994) , Wisdom and Platypus ( Have ns and Rehfuss 19 89 ) . In addition, numerous single purpose configurators for narrow scopes have been developed. Probablythe most famous and best documented ones are XCON ( McDe rmott 19 81 , Barker and O´Connor 1989, McDe rmott

19 93 ) and VT ( Yost 19 92 , Marc us et al.19 92 ) .

In our view, the scope of much of the previous work has been quite limited. There is surprisinglylittle research on the way product configuration problems are understood in the industry. For example, we have seen no large-scale studies on the organisations and processes bywhich products are configured in practice. Existing definitions cover some aspects of product configuration, but ignore other s . For example, parametri c components are seldom mentioned in configuration related literature. The implemented general purpose product configurators support just those aspects that the designers considered relevant for some subfield of product configuration.

We feel that as a research area product configurators will staywith us for a long time. The real world priorities and requirements should be respected in order to make wise selections in research problems. Anypromising technique, be it constraint programming, logic approaches or rule based systems, is judged by how well it solves relevant configuration problems. We need a broader view of product configuration. This paper tries to make a small contribution in th at direction.

Product configuration and configurable products ˘ our view

Configurable products are pre - designed products that l Are adapted according to the requirements of the customer for each order .

l Consist of (almost) only pre-designed components .

l Have a pre-designed product structure .

l Are adapted by a routine, systematic product configuration process.

Th e definition tries to capture manyrelevant characteristics of product configuration and to us it reflects realityin a waythat is easyto communicate to companies and relate to their view of the subject. In this form the definition is quite general and covers a very broad range of problems.

The p roduct configuration process produces a configuration , which is a consistent and complete plan that specifies, in relevant detail, the make-up of an instance of the product adapted to requirements of the customer, within limitations set bythe product architecture .

Individual p roducts are configured within the possibilities and limitations of the general product. These are expressed in product configuration knowledge. In our view each configurable product is described bya product configuration model. The information contents, degree of systemisation, degree of understandability and other factors of the model mayvary. A computer system supporting product configuration tasks, a product configurator , must be able to utilise product configuration models.

Configurable products offer an alternative to standard products and one-of-a-kind products.

Numerous companies have turned to configurable products to increase their profitabilityin markets with low to moderate volumes and a requirement for customer specific adaptation that can be done in a more or less routine manner. The emergence of product configuration is a reflection of a trend to reduce customer requirement satisfaction into an engineering process without innovative or creative design of new solutions . To achieve this goal, companies invest in the design of configurable products that have provisions for anticipated customer requirements. Effectivelyone configurable product defines a verylarge familyof different concrete product instances.

Research problem and goals

Our long term research goal is to develop methods, practices and tools to support product configuration tasks . The research issues we are interested in are :

l Modelling and configuring products in a manner that enables product designers to model the products and sales persons or sales engineers to configure them.

l Long term ma nagement of product configuration knowledge and maintenance of product configurators.

l Practices for improv ing the processes related to product configuration.

We tryto approach these areas from an engineering perspective where concrete problem understanding must precede anyeffort to solve it . This approach aids us to appreciate also some of the "softer" aspects of this area , such as how to develop systems and concepts that are relevant, understandable and familiar to the actual designers, not only to computer scientists.

The research goals of the work presented in this paper are threefold. The first goal is to establish a framework for understand ing the product configuration area in a wide sense. This framework is used to analyse product configuration cases and to derive qualifying and quantifying factors for characterising product configuration tasks and processes . Furthermore, it is used to compare product configuration problems of different companies, to identifythe most relevant issues and to evaluate the feasibilityof a product configurator in a particular case . The framework can be utilised as an extended checklist when assessing the usabilityof proposed models, solutions and tools. The second goal is to analyse ten actual product configuration cases using the initial version of the framework as a tool. This part of the work is called " The National Product Configuration Survey1995. " The third goal is to use the achieved results to guide our future research into areas with industrial and scientific significance.

Research method

W e approached approximately180 companies with a letter describing the research and its objectives. We chose the companies on the basis of our understanding of their likelyinterest in configuration issues. Another requirement was that their annual turnover was more than

USD 10M. Ten companies expressed their willingness to participate and were subsequently invited to the survey. A surveyof ten companies was considered to be of manageable size for a relatively detailed study but still large enough to give interesting results for our purposes.

The survey consists of :

l a half day initial meeting at each company;

l a study of the case product, based on documentation provided by the company;

l a full day interviewing session with the key persons involved in the product configuration process in each company;

l writing, for each company, a detailed and confidential report structured by the framework;

l a feedback session of half a day based on the report for validation purposes;

l producing a summary report of the general results based on the results from companies and presenting the summary report in a seminar.

With the aid of the documentation supplied bythe companies , one and a half day for the visits was considered enough for an adequate study of a configuration case.

2 FRAMEWORK FOR PRODUCT CONFIGURATION

In our view, most product configuration problems consist of roughlythe same elements, albeit in different combinations. This observation has led us to the development of the proposed framework. The organisation of the framework is presented in Figure 1.

F r a m e w o r k d e s c r i p t i o n , c a s e - i n d e p e n d e n t

F r a m e w o r k s u m m a r y p r o f i l e , b a s e d o n p r o b l e m a r e a m e t r i c s

P r o b l e m a r e a d e s c r i p t i o n , c a s e - i n d e p e n d e n t

P r o b l e m a r e a s u m m a r y p r o f i l e , b a s e d o n f a c t o r m e t r i c s

F a c t o r d e s c r i p t i o n , c a s e - i n d e p e n d e n t

Q u e s t i o n s , c a s e - i n d e p e n d e n t

F a c t o r t e x t t e m p l a t e , i n s t a n t i a t e d w i t h c a s e d a t a

F a c t o r s u m m a r y m e t r i c , d e t e r m i n e d f r o m c a s e d a t a

F a c t o r s ,

2 - 9 p e r p r o b l e m a r e a

P r o b l e m a r e a t e x t t e m p l a t e , i n s t a n t i a t e d w i t h c a s e i n f o r m a t i o n

P r o b l e m a r e a s u m m a r y m e t r i c b a s e d o n f a c t o r m e t r i c s

P r o b l e m a r e a s ( 5 )

F r a m e w o r k t e x t t e m p l a t e , i n s t a n t i a t e d w i t h c a s e i n f o r m a t i o n

F r a m e w o r k s u m m a r y m e t r i c , b a s e d o n p r o b l e m a r e a m e t r i c s

F r a m e w o r k

Figure 1 The organisation of the framework .

Our framework consists of problem areas that are further divided to factors . A factor characterises some aspect of the related problem area. The a reas covered are ( Figure 2 ):

l economic importance of product configuration;

l product configuration task;

l product configuration process;

l l ong term management of product knowledge and configurations ;

l interfaces of the configuration process .

In addition to these areas, we collect some background information on the companies, on their products and processes.

We have developed characterising questions related to each factor and we will develop text templates and ^metrics~ for characterising the factors on the basis of the answers. For each factor and each summarymetric derived from it, we will tryto quantifyhow important it is for the operation of the company, how difficult it is to manage in an objective sense, and how well it is managed in the particular company. Results of the factors are aggregated at area and framework levels.

At the time of writing, most templates for case specific texts and metrics are not complete.

We expect some difficultyin development of the metrics. Objective, sound and unambiguous criteria for deriving metric values for factors from the answers to the questions relevant to the metric are difficult to define . In some cases applying a metric will require considerable judgement.

We will brieflydiscuss the problem areas and some of the factors in this section. Related observations are discussed in section 3 .

E c o n o m i c i m p o r t a n c e

F u t u r e t r e n d s

E c o n o m i c i m p o r t a n c e

C o m p o n e n t s

T a s k s i n v o l v e d

D i s t a n c e f r o m r e q u i r e m e n t s t o s p e c i f i c a t i o n

D i s t a n c e f r o m s p e c i f i c a t i o n t o f i n a l c o n f i g u r a t i o n

P r o d u c t c o n f i g u r a t i o n k n o w l e d g e

M o d u l a r i t y

P r o d u c t c o n f i g u r a t i o n t a s k

C o n f i g u r i n g o r g a n i s a t i o n

A B C d i v i s i o n o f p r o c e s s e s

D u r a t i o n o f c o n f i g u r a t i o n p r o c e s s

S t a g e s o f t h e p r o c e s s

C o n f i g u r e r s

D i f f e r e n c e s b y m a r k e t a r e a s

P r i c e a s a c o n t r o l l i n g f a c t o r

P r o d u c t i o n c a p a c i t y a s a c o n t r o l l i n g f a c t o r

C h a n g e s a n d e r r o r s

C o n f i g u r a t i o n p r o c e s s

L i f e c y c l e o f c o m p o n e n t s

L i f e c y c l e o f p r o d u c t s

U p g r a d e c o n f i g u r a t i o n

L o n g t e r m m a n a g e m e n t

R e q u i r e d i n t e r f a c e s t o o t h e r a p p l i c a t i o n s

I n t e r f a c e t o p r o d u c t d e v e l o p m e n t

I n t e r f a c e s t o o t h e r s y s t e m s a n d p r o c e s s e s

F r a m e w o r k f o r p r o d u c t c o n f i g u r a t i o n

Figure 2 The structure of the framework.

2 .1 E conomic importance

The economic point of view gives a basis for understanding the importance and scale of product configuration in a company. Here we have identified onlytwo factors: the current significance and the trend of significance. Both are dominantlycharacterised bythe percentage of the total sales volume generated byconfigurable products. In addition, we collect information on the quantities of delivered products and on issues affecting the economic importance and its development.

2 .2 Product c onfiguration process

The p roduct configuration process is a part of the order specific deliveryprocess. It has interfaces to other parts of the deliveryprocess and to other processes such as product development. Usually, the configuration process is not a single step within the delivery process; Figure 3 gives an overview of the process. Note that the actual configuration process extends from the customer - sales interaction to the logistics centre and the configuration and component orders specified byit. Other parts of the deliveryprocess are shown for completeness.

s t a g e 1 s a l e s s t a g e 2 l o g i s t i c s c e n t e r s t a g e 3 m a n u f a c t u r i n g / s u b c o n t r a c t i n g

c o n f i g u r a t i o n 2 d e s c r i p t i o n o f p r o d u c t i n s t a n c e c o n f i g u r a t i o n 3 c o m p o n e n t m a n u f a c t u r i n g s p e c i f i c a t i o n

c o n f i g u r a t i o n 1 s a l e s s p e c i f i c a t i o n c o m p o n e n t o r d e r s

c o m p o n e n t s m a n u f a c t u r i n g o f c o m p o n e n t s

a s s e m b l y a n d / o r i n s t a l l a t i o n

C u s t o m e r p r o d u c t c o m p o n e n t s t o r e

Figure 3 The configuration process .

C onfiguring organisation

The sales function produces in interaction with the customer the sales specification or configuration 1 . It is sent to a logistics centre. This function produces component orders for the required components to the production units and subcontractors. Logistics centres also coordinate the manufacturing, purchasing and/or collecting of all the required components.

A logistics centre typicallyreceives orders from manysales units. It translates an order into configuration 2 , or in short configuration, that can be used as a basis for ordering the required components from the production and subcontractors. A c onfiguration, or a document derived from it, can also be used as a specification when assembling the product. In some cases, the ordered components are themselves configurable products and there is a third phase in the configuration process . The manufacturing unit uses the configuration, a part of it , or a report derived from it as a specification for configuring the ordered component.

C onfigurers

The actual work being done in the configuration process and the requirements on its computerised support depend largelyon the persons involved. The number of the people and their level of proficiencyin the technical domain of products and in computer use are critically important factors. In global companies it maybe necessaryto support different languages and different configuration processes in different cultures, which naturallymakes the maintenance effort of configuration systems harder and makes the configuration process more complex.

Changes and errors

The deliveryand configuration processes do not operate without problems of their own. There are two kinds of changes we confront here. First, customers change their orders, this is a law of nature in some industries. The capabilityto cope with them at least to a certain degree is a competitive advantage. Second, due to the complexityof the internal deliveryprocesses errors are committed within the company. According to a previous study(Luhtala 1994), companies delivering customer tailored products in Finland waste 10˘15% of their annual sales in inefficient delivery processes.

Interesting problems arise if the production of a product has started and the product must be changed. How to change the configuration and manufacturing schedule so as to accommodate the change with minimal extra costs? Can we create a different, even a nonstandard configuration and yet use the order-specific components being manufactured? In order to answer these kinds of questions, a product configurator would have to contain very specific knowledge on the components, their parts and interfaces. Less deep modelling is usuallyadequate for configuring products if no changes occur or exceptions are taken care of manually.

Other process related factors

Some companies have separate processes for configurable products and products requiring special modifications, for example, design of new components. ABC-classification of processes is quite common in Finland to characterise this factor. In this classification a routine deliveryprocess of configurable products is referred to as A-process. Non-routine combinations of pre-designed components are delivered through B-process. In C-process,

^real~ order-specific design is needed.

The duration of the whole deliveryprocess and the configuration process as a part of it varies and influences, among other things, the potential for labour cost savings and reduction in total lead time of the deliveryprocess. Different market requirements in various geographic areas maynecessitate, at least for some areas, the use of separate product databases or even different configurators which increases the amount of knowledge that must be managed .

Finally, the supporting tools mayhave to deal with price and deliverytime determination. If price and deliverytime are crucial factors, one mayface nontrivial optimisation with multiple goals: short delivery time, low price and acceptable functionality of the product.

2 .3 P roduct configuration task

This problem area characterises the task of product configuration on the basis of :

l kinds of components used;

l required subtasks performed;

l distance from customer requirements to a sales specification;

l distance from the sales specification to a final configuration;

l modularity of the product;

l kinds of knowledge used in the configuration tasks .

I n the following, a component is a part of the product considered relevant for configuration purposes. Defin ed this way, a component maycorrespond to a single component or an assemblyof components. We have grouped components into three classes. Standard components are specified bytheir identification code. Once the component is specified, it can be manufactured without anyadditional information from the configuration system.

Modifiable standard components are manufactured as standard components but they can be configured at assemblytime, for instance, bymeans of settings, jumpers, dip-switches, etc.

Paramet ric components have parameters whose values must be determined before the component can be manufactured. Typical parameters specifyphysical dimensions, surface material, colour, etc. In our view, the complexityof configuration tasks increases when moving from standard components to modifiable standard components or parametric components. This occurs, because the products that include parametric or modifiable standard components typically have more possibilities of variation.

The tasks performed during and after configuration process may include:

l component selection ;

l parameter value determination ;

l layout design ;

l determination of component connection s;

l determination of the price of the product based on the configuration ;

l determination of the delivery time ;

l preparing a bid ;

l preparing a technical specification ;

l completeness checks ;

l consistency checks.

Configuration design typicallyincludes at least component selection, determination of the price of the product, preparing a bid and a technical specification, and checking the completeness and consistencyof the configuration. The complexityof the configuration design increases, if some of the remaining tasks are included, especiallyin the case of layout and component connection design.

The difficultyof mapping the customer requirements to a sales specification (used inside the companyto specifythe product a customer has ordered) depends on the difference, i.e., distance, in the level of abstraction between the customer requirements and the sales specification. Customers varyin their level of technical sophistication. The complexityof translating customer requirements to a sales specification increases with increasing distance from the requirements to the specification. Another mapping, where the concept of distance is also applicable, takes place when the sales specification is transformed to component orders and other necessaryoutputs of a configuration process. These tasks are at the heart of the configuration problem, so understanding and characterising their difficulty is essential.

The complexityof product configuration tasks is assumed to be largelydetermined byt he degree of modularityof the product. This factor is surveyed bystudying the ways companies define the modular structure of their products, the ways in which products have been modularised and how these affect the product configuration tasks .

2 .4 Long term management

The issue of product evolution is complicated from manypoints of view . Product families evolve over time as new components and features are introduced. In some businesses the aftersales activities are becoming increasinglyimportant emphasising the need to know exactlywhat each customer has , and possiblyto enhance, i n other words reconfigure, the particular product the customer has. These dynamic aspects raise the issues of long term ma nagement of product configuration knowledge, product configurators and delivered product instances. If the operation of the companyrequires that both kinds of changes must be managed, the configuration design process and the long term management become much more complex.

Product evolution inevitablyleads to different versions of product configuration knowledge. The corresponding product configuration models must be kept consistent with the changes in products. This is one of the reasons that has slowed down the large scale use of product configurator technology. An example of these difficulties is the landmark XCON system at Digital. At one point, 59 persons were required to maintain and develop the system

( Bark er and O´Connor 19 89 ) . Although the system itself was claimed to be commercially successful at Digital , such a team is not feasible for most companies. It is quite possible that product improvements could be delayed because of the effort required to update the configurator. With the increasing pace of changes in the operating environment of the companies, the significance of this problem will probably increase in the future.

The ma nagement of delivered products raises a series of questions. In aftersales operations products are serviced and sometimes upgraded to achieve increased new functionality. In practise, it maybe impossible to support upgrades with product configura tors if the configuration knowledge is distributed among different versions of product configuration models.

In some industries components evolve independentlyof the products in which theyare used. In manycases the lifetime, understood as the time a component type is used in delivered products, is shorter than the life time of the whole product or a delivered product . This can apply both to purchased components and self-manufactured components.

We have not seen any general models or solutions that would solve the related problems in a practical way. This problem area of the framework tries to surveycurrent schemes of version management, versioning policies, upgrade policies and the magnitude of the long term management problem in companies . This should enable the development of a model for long term ma nagement of product configuration knowledge.

2 .5 I nterfaces to other systems and processes

Product configuration tasks use and produce information. The p roduct configuration process and the supporting systems are linked, for example, to product development and production management systems. In this part of the framework we tryto characterise factors related to these interfaces. Tight integration of product configurators to other systems such as production management and product data management systems with bidirectional flow of information makes the management of configuration process and related information much more complex.

3 PRELIMINARY RESULTS OF THE NATIONAL PRODUCT

C ONFIGURATION SURVEY 1995

At the time of writing , we have made all the half - dayand full - dayvisits in the participating companies. The results presented in this chapter are preliminaryobservations that will be validated in later phases of the survey. Our results originate from the Finnish industry. We do not claim them to be globallyvalid, although we assume similar results would be obtained in other countries for companies delivering configurable products.

The nature of the configuration problems and the waythe companies view them varies from one companyto other. In terms of our framework the maturityof the companies is not even. Some areas are fairlywell dealt with while others are quite undeveloped . No ne of the companies manages all the areas well.

The framework has evolved during the surveyand is expected to change from the present form after a thorough analysis of the surveyhas been done. The areas, factors and related questions have proven to be useful in collecting data from the companies and subsequently analysing the cases. One aspect of the framework has been veryvisible. The issues and problems in product configuration and long term management of products and relevant information are tightlyinterconnected. As a result, it is almost impossible to organise the framework into strictly orthogonal areas and factors.

3 .1 E conomic importance and background

The idea of configurable products in the sense discussed earlier has been quite well adopted in the case companies . Current products follow this paradigm, at the least to a certain degree, and improvements in the configuration area are being ma d e. The surveyindicates that the economic importance of product configuration is significant and a number of companies can quantifyit in real figures. All the companies surveyed generate 50 ˘ 100% of their sales volumes from configurable products ; the average is approximately 80% .

The c ompanies have approached configurable products from two directions. On one hand companies that used to produce project oriented one-of-a-kind products have systematised their products and processes to reuse knowledge and reduce the lead times in design and delivery. On the other hand, producers of fixed off-the-shelf products have increased customer choice with configurable products to compete in a more demanding market.

The annual number of delivered products varies from a few dozens to a few thousand s .

None of the companies considers operation without configurable products possible . The primary reasons for having configurable products seem to include :

l The ability to fulfil a wide range of customer requirements .

l Increased control of production, for example, a large variety of end products with a f airly small number of components .

l Shorter delivery times and smaller stock .

3 .2 P roduct configuration processes

The general process model in Figure 3 gained support, that is, the corresponding stages were identified by the companies. Sometimes the logistics centre and the sales functions interact quite tightly , and in some cases theyare unified into a single function . Quite often, the configuration phase 3 is not present.

One of the primarymotives for building a support system for product configuration is to assist in the transfer of up-to- date product configuration knowledge to the sales units and to enforce its proper use. The technical skills of salespersons varya lot, but usuallytheyare not technical experts. Sales units are usuallynumerous, and the number of salespersons involved is correspondinglyin hundreds or thousands. The case companies do not always own the sales companies . This has implications on how to introduce a sales configurator to the process, since it maybe necessaryto facilitate also traditional means of sales configuration in parallel with some of the sales companies using a configurator.

I n some cases , due to the complexityof the product , the logistics centres do the actual configuration task . Persons in the logistics centres are usuallytechnicallyverycompetent.

Their number is quite small and they provide configuration services to many sales units .

Another driving force for automated product configuration is the desire to r educe the number of errors to improve qualityand to cut qualitycost s. Manychanges to a configuration take place because of internal reasons, due to errors that must be corrected . C hanges also occur because the customer changes his or her mind. Errors and changes that affect a configuration seem to be common. In extreme cases 80% of the sales specifications are either incomplete or inconsistent. This kind of operation is sometimes considered normal. Measures have been taken to manage the changes caused byinternal errors and changes originating from the customer, but not to prevent the errors from occurring in the first place. An example statistic from a case company shows that less than 20% of the total working time used in order processing is used for productive work . The rest is caused by managing changes and errors.

Products and product families are often differentiated for different market areas. However, products are usually sold globally. The market area quite often affects the final configuration.

The configuration is usually created on the basis of customer´s technical requirements . The price of the product and the required deliverytime do not seem to be major controls of the process. That is, the customer requirements are fairlyfixed and can be satisfied in onlya few ways. If the price or deliverytime becomes a critical factor, the requirements are usually reconsidered, or the customer simplyfinds another supplier. The configuration itself is usually not changed to lower the price but there is usuallya certain degree of freedom in adjusting the price of a given configuration.

3 .3 P roduct configuration task

Product configuration models and their systemisation seem to be in their infancy. The companies lack good methods and tools to represent the models. For example, generic billsof-materials ( BOM) (van Veen 19 91 ) or equivalent structures are not used. Computer support is available on the level of traditional fixed BOM s . Some companies have tested configurators, but theyare not in day-to-dayuse. However, more automated support for product configuration tasks is considered desirable and most of the companies intend to proceed in this direction within a few years. The tools need not be fullyautomatic, but they should in some manner ensure the completeness and consistency of a configuration.

The consistency and the completeness of a configuration are checked at logistics centres by expert configurers on the basis of their experience on similar products and previous deliveries.

The knowledge required is veryrarelysystematicallydocumented as a product configuration model. The few more advanced companies that document the knowledge as product configuration models do not have systematic formalisms for this purpose. Free form text, often of limited readabilityand accuracy, is typicallyused. In addition to text, selection tables and decision graphs are sometimes used. Selection tables can be difficult to use when there are several dependencies between components that are represented in several tables. The decision graphs can be verycomplex. The maintenance of product configuration models represented as text, selection tables and especially decision graphs is burdensome.

All the three component classes ˘ standard, modifiable standard and parametric ˘ are being used in the industry. However, most of the component s used in configuration are standard.

P arametric and modifiable standard components seem rarer.

In addition to configurable products, manycompanies deliver tailored products that involve both configuration and innovative engineering design. In several cases approximately 70-80 % of the tailoring can be done by a configuration process. The rest of the work is more innovative product design.

With some products, the sales specification can be quite directlyused as an input for production. In other cases, the process of translating a sales specification to a configuration is long and complex , requiring most of the time and effort spent in the whole configuration process . The translation from a sales specification to a configuration can be simplified bythe modularity of the product.

The modularityof products has a favourable effect on the complexityof product configuration tasks. Two ways to understand product modularity are apparent . One starts from the customer needs and modularises the product into functional modules , each of which corresponds to a set of anticipated customer requirements . The other looks at the modularity from the product structure and manufacturability. The first approach helps the configuration process at the sales stage because it simplifies the mapping from customer requirements to a technical specification. The second is more helpful at the later phases of the deliveryprocess , as it enhances the control of production and reduces the work-in-process inventory. This is achieved byreducing the number of component types used in product assemblies , while still retaining a large variety of end products that can be assembled from the component types .

3 .4 Long term management of product data

Long term management of delivered products is a considerable problem for the companies.

Most companies do not e ven attempt to reconfigure existing product instances using the same methods as in configuring new instances. Rather, the reconfiguration task is done on a case by case basis. The process is d ifficult and disliked because of the trouble of accessing a large amount of old product information, which usuallyis not stored in an integrated, compact form, but has to be retrieved from various sources.

Long term management of product configuration models, as opposed to individual configurations, is also a problem. Products and components evolve; communicating the changes to the product configuration process is error-prone and, in manycases, causes unnecessaryextra work. The processes that develop the products usuallydo not create the configuration related information as a part of the development effort. Rather, this is an additional task done bypersons that are not product experts. This maylead to loss of data and erroneous configuration knowledge being used in the configuration process.

3 .5 Interfaces to other systems and processes

Extraction of product configuration knowledge from the product development process seems to be a problem. The process is rarelysystematised. The previouslymentioned lack of methods and tools to represent configuration models is a problem.

The i ntegration level between applications is not veryhigh. Separate islands of automation seem to be common. The companies are moving towards tighter integration to facilitate a more effective process. The systems used for R&D related activities are not capable of handling information at the level of abstraction required for configuration knowledge.

Therefore, the knowledge on the use of components within a product must first be recorded for design purposes in CAD drawings and other design documents, and then recreated when defining the configuration model. If there was a wayto represent the configuration oriented knowledge in the R&D systems, this information could be entered onlyonce and thereafter used and modified more or less automatically, thus eliminating the duplicate work.

4 IMPLICATIONS TO PRODUCT CONFIGURATION SYSTEMS

In this section the results of the surveyare considered from the point of view of developing general knowledge based systems that can be used to model the configuration knowledge of different products and then to configure them on basis of this knowledge.

Configuration knowledge

Configuration knowledge in product configuration models typicallydescribes the possibilities of modifying the product according to the customer requirements and the constraints on the products. The knowledge on how to actuallyconfigure on the basis of the configuration model is mostlynot explicitlydescribed. Below, we present the fundamental concepts and their relationships that, in our view, can best be used to represent product configuration knowledge.

Typical concepts that are used in the companies to describe their products are the components of which the product consists of, and the functions that the product provides to the customer. In addition to these, some companies use also parametric components with the attendant concepts of parameters and parameter values. The components relate to each other by aggregation relationships , which form BOM hierarchies with optional and alternative components. The components are related to the parameters and parameter values. The companies also describe configuration knowledge through incompatibilityand requires relationships between components and parameter values. An incompatibility relationship records the fact that two components or parameter values cannot be used together in a product, since then the configuration would not describe a working product. A requires-relationship specifies, that a component needs another component for the whole product to work.

We feel that manyof the surveyed products could more easilybe modelled, if one were to use in addition to the above mentioned concepts and relationships also connectors , ports

(Struss 1987) and resources ( Heinrich and Jungst 1991). Connectors are things that connect components. These maybe either physical components or more abstract concepts like air in the capacityof a heat connector that, e.g., connects a transformer (heat source) to the outside world (heat sink). Ports are things that the connectors are connected to. In the concrete case these maybe boards or sockets, and in the abstract case a heat emanating place of a component. Resources are things that some parts of the product produce and others consume.

Examples include electrical power or space in a rack. Thus, the above mentioned transformer would provide the resource heat, which is conducted through the connector air to the outside world, which consumes the resource. This kind of bond-graph-like modelling is presented in the paper by (Snavely and Papalambros 1993).

Additional relationship useful for modelling the cases include classification hierarchies formed byis a -relationships and instance of relationships between component types and instances. The specification mapping between required functions and components could also be modelled by a separate relationship.

Need of parameters

As the results indicated, standard components are much more common than parametric components. Therefore, fair coverage of configuration processes could be obtained by concentrating onlyon standard components. This could be a motivation for a restricted , and subsequentlysimpler , configurator system. However, a general system should also have to be able to represent and configure with modifiable standard and parametric components.

Component types used in products have a fundamental effect on a product configuration system: a configurator system dealing with standard components can do without parameters, but one supporting parametric components must support manykinds of additional concepts and operations discussed below.

Once a standard component has been identified, all its properties are known and fixed.

Each standard component mayhave some attributes that describe its properties, but these properties do not change in each instance of the component. Therefore it is easyto describe relevant properties, for example, bystoring them into a relational database bycomponent type.

There is no need to check for inconsistent attribute value combinations within a component but this maystill be necessarybetween the attribute values of different components. One does not have to bother with storing descriptions of instance-specific parameter values, ways of determining parameter values or checking consistency of parameter values.

A product configuration system supporting modifiable standard or parametric components must be able to determine and record suitable values for parameters. This introduces the need to represent and store instance specific descriptions of components as it must be possible to store descriptions of configured instances. One must be able to describe the domains of the parameters, ways to determine parameter values (including complex expressions with references to other parts of the configuration and asking from the user) and ways to check for consistent combinations of parameter values. In addition, decisions mayhave to be changed or backtracked. Keeping the parameter values consistent after changes is yet another topic. Thus the need to present parameters adds another level of complexityto a system supporting product configuration.

Geometry and product configuration

It is sometimes necessaryto generate instance-specific drawings of parametric components on basis of calculated parameter values. Generation of manufacturing drawings of parametric components is an example. Drawings maybe generated either bythe product configurator system, or with a separate, possiblymodel-based or parametric, drafting system. In these simple cases a configurator does not have to ^understand~ about geometric modelling and a decoupled system with unidirectional information flow from product configuration system to the drafting system maybe appropriate. Manyproduct configuration cases that require generating drawings fall into this category.

More complex topologic or geometric reasoning is also sometimes a part of the product configuration process. A typical example is 2D or 3D layout design. In some cases one maybe able to design the layout in the configurator with simple topologic reasoning, in some other cases advanced 3D reasoning maybe required. Complex 3D-layout generation problems would require that the configurator is able to model the spatial relationships of objects, possiblykeeping dynamic behaviour of the system in mind. Because of the complexity involved, these tasks might be better done by humans.

Requirement for topological or geometric reasoning seems to be quite common in the industry. Due to limited use of parametric components, the generation of drawings of parametric components is not so common.

Customer requirements at different levels of abstraction

As mentioned, the distance from customer requirements to the specification and to the final configuration varies considerably. Some customer requirements can be given as a functional specification, while some other requirements are best formulated as low-level component-by-component selections and parameter value specifications, for example bydirectlygiving the required part numbers. A system should be able to support this spectrum of specifications given at different levels of abstraction. In some cases, a combination of different abstraction levels of specifications might be preferable. This variation poses some challenges as, in a way, this is analogical to being able to give some inputs, some intermediate results and some final results of a complex calculation, then performing the rest of the calculation to get the rest of final results.

Fully automatic operation not always desirable

Companies have relativelystrong disbelief in and bad experiences with expert systems. The users are not willing to trust the decisions made byan automatic system. Theywant to make the decisions themselves. In the problem solving sense, automatic operation is also more difficult to accomplish than semi-automatic, interactive operation, where the user can assist the system bymaking choices that guide the design effectivelyto correct solutions. Therefore, if automatic configuration is still desired, it mayin most cases be better to first develop support on checking and validating configurations, and piece bypiece extend this to more automatic operation. In this waythe users can be convinced of the correctness of configurations and the risks of the development project reduced.

Emphasis on long-term management of product configuration models important

Perhaps the most severe restraint on using a product configurator is the difficultyof managing product configuration models. One wayto make this easier is to abstract and extend the underlying modelling concepts in a direction that more accuratelycan capture the relevant aspects of configuration design without extra complexities or transformations. In our view this is needed as the first step. In addition one could integrate some kind of traditional

Configuration Management (CM) machinery(Babich 1986, Buckley1993), e.g., version control tools, into a product configuration system. Naturallythese should be used with normal

CM practises to yield the best benefits. To fullyapplyCM practices to product configuration, a model for describing changes to products should be available. This is a research issue described briefly in section 5.

In order to spread the maintenance effort of product configuration systems to nonprogrammers such as product developers, the systems must be able to describe product configuration models in declarative, high level terms familiar to the users. The basic concepts could be those discussed in the beginning of this section. A product configuration system should be able to represent these as data, without programming effort, to facilitate the maintenance. This poses interesting challenges both to visualising product configuration models and to the underlying data model of the product configuration system.

Semi-configurable products

As was mentioned in the results, the C-process products can often be partlyconfigured and must be partlydesigned. In these cases the configurator should have an abilityto integrate results of innovative or creative design into a configuration. A successful computer system for these processes would have to include a way to represent components that are not pre - designed along with the rest of the configuration consisting of pre-designed components.

Market areas

The differences between market areas indicated in the results suggest that a product configurator should take them into account. It seems that a single configurator and several product data bases or a single product database with rules to prevent the use of components not available to some market area (s) would correspond to the needs of the companies.

5 FUTURE RESEARCH

We hope to be able to elaborate the metrics emerging from our surveyverymuch from their present form . In addition to this, the summaryreport of the results of the surveywill be published. The remainder of this section discusses long term research issues.

5 .1 Model of product configuration knowledge

There seems to be a need for a general methodologyand tools for supporting the re presentation of product configuration models. On the ba sis of our first results, similar concepts are being used in different companies. It would seem to indicate the possibilityof finding a general model of product configuration knowledge that would be feasible for a range of companies. In the simplest form, this model would include concepts like specifications, components, parameters and their values. In addition to the concepts, the model would include relationships such as a generalised has-part-relationship with optional and alternative components, a specification mapping between specifications and components or parameters, and two special relationships between components or parameter values, the requires relationship and the incompatibility relationship.

5 .2 Model of long term management of product data

T he long term ma nagement of product s and configurations has not been solved in an adequate wayin any companyor system. Most of the companies recognise the risks involved. Our objective is to obtain a general view of the changes to the configuration knowledge in practice. This would facilitate researching and defining a general model of changes to the knowledge. This model would form a basis for computerising the long term management of product data in a manner that would support both the management of configuration models and related knowledge, and the management of delivered product instance s.

5 .3 C onfiguration maturity model

Companies seem to be in different stages of maturityand have varying capabilities in the area of product configuration. It is quite evident that it makes sense to first concentrate on the basics and then move on to more advanced topics. Fundamentallywe are talking about an organisational learning process. For example, a well documented and systematic wayto configure products facilitates automating the process. Besides other benefits, well - modularised products simplifythe product configuration tasks significantly. Changes to the products and components must b e under control to enable efficient and timelyupdates of product configuration information. All the above mentioned issues facilitate the implementation of computerised support for product configuration and help in reducing the maintenance burden of product configurato rs .

These observations seem to parallel the underlying thoughts of the CapabilityMaturity

Model (CMM) (Paulk et al. 1993) commonlyreferenced in software industry. We aim to develop a similar, yet less ambitious model based on our observations. This model could be used for the evaluation of the maturityof a companyin terms of configuration processes and product data management. It could also be used to suggest the most effective and relevant development actions to be taken in the companyin order to gain maximal benefits from the improvement effort.

5 .4 Design for configurability

The general configuration problem cannot be solved solelywith better models and tools.

F lexible configuration of products must be considered alreadywhile products and components are designed. For example, components and products should have well - defined interfaces and theyshould not place unnecessaryconstraints on other parts of the product structure.

Therefore another future research issue is to produce guidelines for designing products that can be configured easily ˘ an approach we call Design for Configurability . We hope to elaborate techniques for measuring the complexityand configurabilityof products. The modularity of products will probably be one of the factors in this area.

6 REFERENCES

Babich W. (1986) Software configuration management: coordination for team productivity .

Reading, MA, Addison-Wesley

Barker, V.E. and O´Connor, D.E. (1989 ) Expert systems for configuration at Di gi tal: XCON and beyond. Communications of the ACM , Vol. 32, no. 3, 298 ˘ 318.

BuckleyF. (1993) Configuration Management: Hardware, Software and Firmware . New

York, IEEE Press.

Cunis R., Günter A., Syska I., Peters H., Bode H . (1989) PLAKON ˘ An Approach to Domain-

Independent Construction. In The Second International Conference on Industrial and

Engineering Applications of Artificial Intelligence and Expert Systems IEA/AIE ˘ 89 :

proceedings , 866 ˘ 74 .

Cunis R., Günter A., Strecker H. , (eds., 1991) Das PLAKON-Buch: Ein Expertensystemkern für Planungs- und Konfigurierungsaufgaben in technichen Domänen . Berlin, Springer

Verlag, Informatik-Fachberichte 266.

Design++ 3.0 Reference Manual (1993) Design Power Inc.

Hales H. L (ed., 1992) Automating and Integrating the Sales Function: How to Profit From

Complexi ty and Customization. Enterprise Integration Strategies , Vol . 9, no. 11, 1 ˘ 9 .

Havens W.S., Rehfuss P.S. (1989) Platypus: a Constraint-Based Reasoning System. In IJCAI-

89: proceedings of the Eleventh IJCAI , 48˘53.

Heinrich M., Jungst E.W. (1991) A Resource-Based Paradigm for the Configuring of

Technical Systems from Modular Components. In Seventh IEEE Conference on Artificial

Intelligence Applications, [proceedings], 257 ˘ 64 .

ICAD (1994) ICAD sales material . ICAD Inc.

Klein R. (1991) Model Representation and Taxonomic Reasoning in Configuration Problem

Solving. In Proceedings of GWAI-91 15. Fachtagung für Künstliche Intelligenz, Th.

Christaller (ed.),182˘94.

Klein R., Buchheit M., Nutt, W. (1994) Configuration as Model Construction: The

Constructive Problem Solving Approach. In Proceedings of Artificial Intelligence in

Design 1994 , 201˘18.

Luhtala M., Kilpinen E. and Anttila P. (1994) Logi : managing make-to-order supply chains .

Report/Helsinki Universityof Technology, Industrial Economics and Industrial

Psychology 153.

Marcus S., Stout J., McDermott J. (1992) VT: An Expert Elevator Design that Uses

Knowledge-Based Backtracking. In Artificial Intelligence in Engineering Design volume

I , Eds. Tong C., Sriram D. C hapter 11, pages 317 ˘ 55. Also appeared in AIMagazine, volume 9, number 1. Spring 1988.

McDermott J. (1982) R1: a rule-based configurer of computer systems. In Artificial

Intelligence, vol 19, n o 1 , 39 ˘ 88.

McDermott J. (1993) R1 ("XCON") at age 12: Lessons from an ElementarySchool Achiever.

In Artificial Intelligence , vol 59, no 1 ˘ 2, February 1993.

Mittal S., Frayman F. (1989) Towards a Generic Model of Configuration Tasks . In IJCAI-89:

proceedings of the Eleventh IJCAI , 20-25.

Najman O., Stein B. (1992) A Theoretical Framework for Configurations. In Proceedings of

Industrial and engineering applications of artificial intelligence and expert systems : 5th international conference, IEA/AIE -92 , Belli F., Radermacher F. J. (eds.), 441 ˘ 50 .

Paulk, M., Curtis, B, Chrisiss, M.B., Weber, C. V. (1993) CapabilityModel for Software, Ver.

1.1., Technical Report CMU/SEI-93-TR24 , Software Engineering Institute, 1993.

Peltonen H., Männistö T., Alho K., Sulonen R. (1993) An Engineering Document

Management System. In Proceedings of American Society of Mechanical Engineers

(ASME) Winter Annual Meeting 93-WA-/EDA-1.

Peltonen H., Männistö T., Alho K., Sulonen R. (1994) Product Configurations an Application for Prototype Object Approach. In Object-oriented programming: 8th European conference, ECOOP ’94 , Tokoro M., Pareschi R. (eds.).

SAP (1994) Systeme R. Der SAP Konfigurator . SAP AG. Mat.-Nr.:5000 5525 .

Schreiber A.Th, Terpstra P., Magni P., and Velzen M. van (1994) Analyzing and

Implementing VT Using COMMON-KADS , Universityof Amsterdam. Also appeared in

Proceedings of the 8th Banff Knowledge Acquisition for Knowledge-Based Systems

Workshop.

Snavely, G. L. and Papalambros, P. Y. (1993) Abstraction as a configuration design methodology. Advances in Design Automation . Volume 1, 1993.

Tiihonen J. (1994) Computer-assisted Elevator Configuration . Master´s Thesis. Helsinki

University of Technology.

Tong C., Sriram D. (1992) Introduction. In Artificial Intelligence in Engineering Design volume I, Eds. Tong C., Sriram D., 1 ˘ 53.

Veen E. A. van (1991) Modeling Product Structures by Generic-Bills-of-Material . Diss. TU-

Eindhoven , t he Netherlands .

Yost G. (1992) Configuring Elevator Systems . Digital Equipment Corporation, 1992.

BIOGRAPHY

Juha Tiihonen is currentlyworking as a researcher in the Product Data Management Group

(PDMG) in the Institute of Industrial Automation (IIA), which is a part of the Helsinki

Universityof Technology(HUT). His main interest is product configuration, particularly methods and tools that would enable product experts to build and maintain product configuration models without a programming background. His Master´s Thesis concentrated on analysing product configuration bymeans of developing an experimental product configurator for elevators. Timo Soininen is currentlyfinishing his Master´s Thesis on configuration knowledge at the PDMG, and begins graduate studies on the same subject in the autumn. His main research interest is the visual, logic-based representation of configuration domain knowledge, especiallymany-sorted and modal logics. Tomi Männistö is a researcher and graduate student at the PDMG. His main interests lie in the modelling and management of product model and product instance evolution. Professor Reijo Sulonen is a professor of

Computer Science at HUT. His research interests include database systems, product data management, process modelling, software engineering and electronic media.